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Abstract 
Because of their high energy/power density, long cycle life, and extremely low rate of self-
discharge, lithium-ion batteries (LIBs) have dominated portable electronics, smart grid, and 
electric vehicles (EVs). Although they are the most developed and widely applied energy 
storage technology, there is still a strong desire to further enhance their energy/power density, 
cycle life, and safety. While all of these battery requirements are macroscopic and stated at 
cell/pack scale, they have to be addressed at particle or network of particles scale (mesoscale). 
At mesoscale, active material particles having different shape and morphologies are bound 
together with a carbon-doped polymer binder layer. This percolated network of particles 
serves as the electron conductive path from the reaction sites to the current collector. Even 
though significant research has been conducted to understand the physical and 
electrochemical behavior of material at the nanoscale, there have not been comprehensive 
studies to understand what is happening at the mesoscale.  
Mathematical models have emerged as a promising way to shed light on complex 
physical and electrochemical phenomena happening at this scale. The idea of using 
mathematical model to study multiphysics behavior of LIBs is not new. Traditional models 
involved homogeneous spherical particles or computer generated electrode structures as the 
model geometry to simulate electrode/cell performance. While these models are successful to 
predict the cell performance, heterogeneous electrode’s structure at mesoscale questions the 
accuracy of their findings related to battery internal behavior and property distribution.  
The new advances in the field of 3D imaging including X-ray computed tomography 
(XCT) and Focused-ion beam/Scanning electron microscopy (FIB-SEM), have enabled the 
viii 
 
3D visualization of the electrode’s active particles and structures. In particular, XCT has 
offered nondestructive imaging and matter penetration capability in short period of time. 
Although it was commercialized in 70’s, with the recent development of high resolution 
(down to 20 nm) laboratory and synchrotron radiation tomography has been revolutionized. 
3D reconstructed electrodes based on XCT data can provide quantitative structural 
information such as particle and pore size distribution, porosity, solid/electrolyte interfacial 
surface area, and transport properties. In addition, XCT reconstructed geometry can be easily 
adopted as the model geometry for simulation purposes. For this, similar to traditional models, 
a modeling framework based on conservation of mass/charge and electrochemistry needs to 
be developed. The model links the electrode performance to the real electrode’s structure 
geometry and allows for the detailed investigation of multiphysics phenomena. When 
combined with mechanical stress, such models can also be used for electrode’s failure and 
degradation studies. The work presented in this dissertation aims to adopt 3D reconstructed 
structures from nano-XCT as the geometry to study multiphysics behaviour of the LIBs 
electrodes. In addition, 3D reconstructed structure provides more realistic electrode’s 
morphological and transport properties. Such properties can benefit the homogeneous models 
by providing highly accurate input parameters. 
In the first study, a multiscale platform has been developed to model LIB electrodes 
based on the reconstructed morphology. This multiscale framework consists of a microscale 
level where the electrode microstructure architecture is modeled and a macroscale level where 
discharge/charge is simulated. The coupling between two scales is performed in real time 
unlike using common surrogate based models for microscale. For microscale geometry 3D 
microstructure is reconstructed based on the nano-XCT data replacing typical computer 
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generated microstructure. It is shown that this model can predict the experimental 
performance of LiFePO4 (LFP) cathodes at different discharge rates more accurately than the 
traditional/homogenous models. The approach employed in this study provides valuable 
insight into the spatial distribution of lithium within the microstructure of LIB electrodes.  
In the second study, a new model that keeps all major advantages of the single-particle 
model of LIB and includes three-dimensional structure of the electrode was developed. Unlike 
the single spherical particle, this model considers a small volume element of an electrode, 
called the Representative Volume Element (RVE), which represent the real electrode structure. 
The advantages of using RVE as the model geometry was demonstrated for a typical LIB 
electrode consisting of nano-particle LFP active material. The model was employed to predict 
the voltage curve in a half-cell during galvanostatic operations and validated against 
experimental data. The simulation results showed that the distribution of lithium inside the 
electrode microstructure is very different from the results obtained based on the single-particle 
model.  
In the third study, synchrotron X-ray computed tomography has been utilized using two 
different imaging modes, absorption and Zernike phase contrast, to reconstruct the real 3D 
morphology of nanostructured Li4Ti5O12 (LTO) electrodes. The morphology of the high 
atomic number active material has been obtained using the absorption contrast mode, whereas 
the percolated solid network composed of active material and carbon-doped polymer binder 
domain (CBD) has been obtained using the Zernike phase contrast mode. The 3D absorption 
contrast image revealed that some LTO nano-particles tend to agglomerate and form 
secondary micro-sized particles with varying degrees of sphericity. The tortuosity of the pore 
and solid phases were found to have directional dependence, different from Bruggeman’s 
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tortuosity commonly used in homogeneous models. The electrode’s heterogeneous structure 
behaviour was also investigated by developing a numerical model to simulate a galvanostatic 
discharge process using the Zernike phase contrast mode.  
In the last study, synchrotron X-ray nano-computed tomography has been employed to 
reconstruct real 3D active particle morphology of a LiMn2O4 (LMO) electrode. For the first 
time, CBD has been included in the electrode structure as a 108 nm thick uniform layer using 
image processing technique. With this unique model, stress generated inside four LMO 
particles with a uniform layer of CBD has been simulated, demonstrating its strong 
dependence on local morphology (surface concavity and convexity), and the mechanical 
properties of CBD such as Young’s modulus. Specifically, high levels of stress have been 
found in vicinity of particle’s center or near surface concave regions, however much lower 
than the material failure limits even after discharging rate as high as 5C. On the other hand, 
the stress inside CBD has reached its mechanical limits when discharged at 5C, suggesting 
that it can potentially lead to failure by plastic deformation. The findings in this study highlight 
the importance of modeling LIB active particles with CBD and its appropriate compositional 
design and development to prevent the loss of electrical connectivity of the active particles 
from the percolated solid network and power losses due to CBD failure. 
There are still plenty of opportunities to further develop the methods and models applied 
in this thesis work to better understand the multiscale multiphysics phenomena happening in 
the electrode of LIBs. For example, in the multiscale model, microscale solid phase charge 
transfer and electrolyte mass/charge transfer can be included. In this way, heterogeneous 
distribution of current density in microscale would be achieved. Also, in both multiscale and 
RVE models, the exact location of CBD can be incorporated in the electrode structure to 
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specify lithium diffusional path inside the group of particles in the solid matrix. Finally, in the 
fourth study, the vehicle battery driving cycle can be applied instead of galvanostatic operating 
condition, to mimic the stress generated inside the electrodes in real practical condition.  
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1. Introduction 
1.1 Overview and Objectives 
Since the introduction to the market in 1991, lithium-ion batteries (LIBs) have revolutionized 
portable electronics. They have offered an efficient energy storage system with high 
energy/power density and long cycle life suitable for cell phone and power tool applications. 
With the rising of environmental issues due to fossil fuel consumption, sustainable energy 
conversion and storage technologies has become important part in the development of modern 
societies. Extensive investigations have been conducted to integrate renewable energy sources 
such as solar, wind, and geothermal to the electrical grid. However, these sources of energy 
are intermittent in nature and require to be stored at the production time for the later supply, 
opening a new market for LIBs. In addition to portable electronics and grid energy storage, 
significant efforts have been directed toward electrifying the transportation sector to reduce 
air pollution from internal combustion engines. Battery’s energy density is the key parameter 
that determines the driving range. Today’s LIBs have superior gravimetric and volumetric 
energy densities typically 260 Wh/kg and 780 Wh/L closing to the ~300 miles per full of 
charge target required for large scale electrification of vehicles [1]. As the range of LIB’s 
application continues to broaden, the battery’s technology also needs to advance. Even though, 
the technology is currently mature enough to meet some market requirements for a variety of 
applications, there is still a crucial need to enhance performance including energy, power, 
cycle life, and safety [2,3].  
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Although these performance requirements are macroscopic and usually stated at cell or 
pack scale, they are to be addressed over multiple length scales with different material and 
electrode design strategies as shown in Fig. 1-1 [4]. The design of active materials happens at 
atomic scale up to nano-scale where the material voltage, capacity, lattice stability, kinetic 
barrier, and transport property are designed. The electrode architecture design occurs from 
tenth of nanometer up to micro-scale, where the electrode lithium-ion transport path, surface 
area, deformation & fatigue, structural stability, and interface physics are designed. The 
design of electrodes pairing and cell level transport design usually happen from micro-scale 
up to one meter scale. In a LIB cell, electrochemical reaction occurs on nano scale and depends 
on the chemical and electronic properties of the material [5]. Charge and mass transport takes 
place from the material level to the electrode and eventually to the cell level. It also depends 
on the materials and electrode’s structural properties. All these processes are strongly and 
nonlinearly coupled over different length scales. As a result, a mechanism at the nano/micro 
scale can dominantly effect the overall LIB behaviour. While significant research has been 
conducted to understand the chemical and physical behavior of materials at the nanoscale, 
there is a lack of understanding in the scientific community about what is exactly happening 
at the network of the particles scale or mesoscale. This could be related to the difficulty of 
experimentally observing the phenomena happening at this scale, especially in situ or in-
operando [6]. 
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Figure 1-1. A diagram showing different length scale of LIB and its design requirements. 
Reproduced with permission from [4] 
 Motivated by the need to better understand the battery mesoscale behaviour, the field 
of 3D imaging for energy materials study has been advancing rapidly. Two common methods 
of visualizing electrode’s structure are X-ray computed tomography (XCT) and Focused-ion 
beam/Scanning electron microscopy (FIB-SEM). Unlike FIB-SEM, XCT enables 
nondestructive 3D imaging in a rather short time with material penetration capability suitable 
for in situ and in-operando imaging [7]. Therefore, it has risen as the primary advanced 
imaging techniques for studying LIB internal structures. As will be discussed with more 
details in 2.3, XCT measures the interaction of X-rays with the electrode sample to reconstruct 
the internal local morphology of the materials. It provides visual and quantitative insights into 
the electrode’s structure such as porosity, volume specific surface area, particle and pore size 
distributions, and transport properties.  
In addition to quantitative morphological information, 3D reconstructed electrode’s 
structures can be used as the computational geometry for multiphysics simulations. In this 
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way, a modeling framework that describes the multiphysics phenomena occurring during 
battery operation needs to be developed. The model links the electrochemistry, mass and 
charge transport, mechanical stress, and thermal response of the electrode to the real 3D 
electrode geometry. Such modeling studies are a promising approach to elucidate the complex 
multiphysics phenomena occurring during battery operation.  
Moreover, they can be used in degradation and failure studies, helping to design 
strategies to improve LIB’s cycle life. Computer simulations provide the heterogeneous 
distribution of physical and electrochemical properties within the electrode structure, 
contributing to performance loss. Similar to most materials, LIB electrode’s failure depends 
on local imperfections and heterogeneities which is responsible for performance loss during 
battery cycling [8]. Therefore, to mitigate performance loss due to structural heterogeneities, 
more homogeneous electrode structures are favorable. The simulation could provide a 
guideline for gradual structural modification of particle morphology to achieve more 
homogeneous electrode [9]. This approach could furtherly improve the electrode’s capacity 
fade and lead to the enhanced cycle life for next generation LIBs. 
The objective of this PhD research has been the development of multiphysics 
mathematical models to simulate multiphysics behaviour of LIBs electrode based on 3D 
reconstructed structure. The models shed light on the interaction among chemistry, mass and 
charge transport, mechanics, and microstructural geometry during battery operation. As the 
geometry, all models take into consideration the electrode’s 3D structure reconstructed from 
nano-scale XCT. The four principle stages of this PhD study have been: 1) development of a 
multiscale platform to model a commercial nano-structured LiFePO4 (LFP) cathode for LIBs. 
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This multiscale framework consists of a microscale level where the electrode 3D 
microstructure behaviour is modeled and a macroscale level where discharge performance is 
simulated. 2) development of Representative Volume Element (RVE) model for a commercial 
nano-structured LFP cathode which is more computationally efficient compared to multiscale 
model. 3) morphological and electrochemical characterization of an in-house prepared 
nanostructure Li4Ti5O12
 (LTO) anode using two modes of XCT imaging: absorption contrast 
and Zernike phase contrast. 4) development of a diffusion induced stress model to investigate 
mechanical response of a commercial LiMn2O4 (LMO) cathode. The model includes 3D 
reconstructed active particles and carbon-doped binder domain (CBD) as the geometry. While 
first two models link the electrode’s performance to the structural geometry of a 
nanostructured LFP cathode, the third stage involves morphological analyses of a 
nanostructure LTO anode. In addition, in the third stage, the RVE model developed in second 
stage was further improved by incorporating charge transport within the solid phase in the 
governing equations. Finally, the fourth stage lies within the simulations studies that employ 
electrode’s reconstructed structure to relate structural degradation to the battery performance 
loss. This model considers a uniform CBD at the outer surface of reconstructed LMO active 
particles by employing image processing techniques and investigates the evolution of 
intercalation induced stress within the electrode structure. 
1.2 Thesis Layout 
This thesis includes 7 chapters wherein chapter 1 depicts the motivation and objectives of the 
overall studies along with the thesis layout. Chapter 2 reviews the background information 
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used in the next chapters. It starts with a brief introduction about LIBs working principle and 
different active material chemistries used in electrodes. Chapter 2 continues with the 
discussion of traditional modeling approaches to simulate the battery performance including 
curve fitting models, circuit based models, and homogeneous models such as single-particle 
and pseudo-2D models. Chapter 2 concludes with the explanation of XCT technology working 
principles and its advantageous over other imaging techniques. Chapters 3 to 6 consists of 
papers all of which I co-authored as principal lead author (Please refer to the statement of 
contributions included in the thesis). 
Chapter 3 presents multiscale modeling of LIBs’ electrodes based on nano-scale XCT 
data published by Kashkooli et al. [10] and is reproduced with permission from the Journal of 
Power Sources. In this chapter, a multiscale platform is introduced to model LIB electrodes 
electrochemical behavior based on the 3D reconstructed structure. This multiscale framework 
consists of a microscale level where the electrode microstructure architecture is modeled and 
a macroscale level where galvanostatic discharge/charge performance is simulated. For 
microscale geometry 3D microstructure is reconstructed based on nano-scale X-ray computed 
tomography data replacing typical computer generated microstructure. It is shown that this 
model can predict the experimental performance of a commercial LFP cathode at different 
discharge rates more accurately than the conventional homogenous models. 
Chapter 4 introduces the RVE model of LIB electrodes based on XCT reconstructed 
geometry published by Kashkooli [11] and reproduced with permission from Journal of 
Applied Electrochemistry. In this chapter, a new model that keeps all major advantages of the 
single-particle model of LIB and includes 3D structure of the electrode is developed. Unlike 
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the single spherical particle, this model considers a small volume element of an electrode, 
called the RVE, which represents the electrode structure. The advantages of using RVE as the 
model geometry is demonstrated for a typical LIB electrode consisting of nano-particle LFP 
active material. The simulation results show that the distribution of lithium inside the electrode 
microstructure is very different from the results obtained based on single-particle model.  
Chapter 5 studies morphological and electrochemical characterization of a 
nanostructured LTO anode using multiple imaging mode synchrotron X-ray computed 
tomography and is based on two works by Kashkooli et al. [12] and [13] which are reproduced 
with permission from Electrochimica Acta and The Journal of the Electrochemical Society, 
respectively. In this study, synchrotron X-ray computed tomography has been employed using 
two different imaging modes of absorption and Zernike phase contrast to reconstruct the real 
3D morphology of a nano-structured LTO electrode for lithium-ion batteries. The inclusion of 
carbon-doped binder domain (CBD) in Zernike phase contrast mode provides an integrated 
percolated network of active material and CBD together, making it well-suited for continuum 
modeling.  
Chapter 6 discusses synchrotron X-ray nano computed tomography based simulation of 
stress evolution in LMO electrodes published by Kashkooli et al. [14] which is reproduced 
with permission from Electrochimica Acta. In this study, synchrotron X-ray nano-computed 
tomography at the Advanced Photon Source in Argonne National Laboratory has been 
employed to reconstruct real 3D active particle morphology of LMO commonly used in LIBs. 
For the first time, CBD has been included in the electrode structure as a 108 nm thick uniform 
layer at the outer surface of active particles, using image processing techniques. With this 
 8 
 
unique model, stress generated inside four LMO particles with a uniform layer of CBD has 
been simulated, demonstrating its strong dependence on local morphology (surface concavity 
and convexity), and the mechanical properties of CBD such as Young’s modulus.  
Chapter 7 summarizes the conclusions and provides recommendations for future work. 
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2. Background 
2.1 Lithium-ion Battery Technology 
A lithium-ion battery (LIB) consists of a positive and a negative porous electrode detached by 
a separator. The terms “positive electrode” for “cathode” and “negative electrode” for “anode” 
are used interchangeably throughout this dissertation. The porous electrode supports the 
electrochemical reaction happening in the battery for energy storage and the separator allows 
ions movement while preventing electron passage, see Fig. 2-1. The electrode in a LIB stores 
energy through three different mechanisms: (1) alloying e.g. silicon and tin [15],[16] ; (2) 
conversion e.g. Iron oxide and coppers oxide [17]; (3) intercalation e.g. graphite and lithium 
cobalt oxide. While alloying provides several times higher capacity compared to other 
mechanisms, it results in a huge material volume change [18] which limits the battery cycle 
life. Conversion requires nano-structured material to provide reversible reactions and is 
typically used with the alloying chemistries [17]. Intercalation is the most widespread 
mechanism for storing energy in both the anode and the cathode and broadly applied in 
commercial LIBs. The intercalation process entails a host material accommodating the 
lithium-ions inside its crystal structure. During charge, lithium de-intercalates from the 
positive electrode, is transported in the electrolyte, and intercalates into the negative electrode. 
During discharge, the process is reversed, with the lithium-ion intercalating inside positive 
electrode. The battery energy storage capability depends on the cell voltage and capacity. 
While the battery voltage is determined by the different combinations of anode and cathode 
materials, the battery capacity is determined by the capacity of cathode. This is because the 
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capacity of anode material is typically higher than the cathode, thereby, the cathode chemistry 
limits the overall battery capacity [17]. 
 
Figure 2-1. LIB’s schematic with graphite as the anode and cobalt oxide as the cathode. 
In the case of anode material, graphite is commonly used in commercial LIB because of 
low cost and good cycling stability. It offers the specific capacity of 350 mAh/g and 
experiences low volume change, below 10 percent, upon cycling [19]. Lithium Titanate Oxide 
(Li4Ti5O12) or LTO is another promising alternative for the anode, offering high rate capability 
with almost zero volume change upon cycling which makes it suitable for vehicle application 
[20]. Other alternatives including, alloying silicon or Si/C composites are being extensively 
researched due to their significantly higher specific capacity. The higher capacity anode 
material leads to thinner anode usage which enhances the overall battery energy density. The 
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silicon theoretical capacity is 4200 mAh/g which is more than 10 times higher than graphite. 
Nevertheless, large volume changes upon cycling, has limited its large scale applications [21]. 
In case of the cathode, options are far wider and different materials provides various 
combinations of performance, durability, cost, and safety. Usually a lithium metal oxide is 
utilized as the cathode material. The most common ones are Lithium cobalt oxide (LiCoO2) 
or LCO, Lithium manganese oxide (LiMn2O4) or LMO, Lithium nickel manganese cobalt 
oxide (LiNiMnCo2) or NMC, Lithium nickel cobalt aluminum oxide (LiNiCoAlO2) or NCA, 
Lithium iron phosphate (LiFePO4) or LFP. LCO offers very high energy, limited power, and 
good cycle life [17]. It is a great choice for small portable electronics such as cell phones and 
laptops. However, it shows moderate charged state thermal stability which makes it unsuitable 
for EVs [1]. In addition, cobalt cost has increased by 70 percent recently which might 
challenge future applications of LCO. LMO has high power, very good thermal stability, and 
low cost; Nonetheless, its low capacity, limited cycle/calendar life limits its application to the 
power tools and electric motive power [22]. NMC provides very good combination of energy, 
power, cycle life, and thermal stability at charged state. Nickel has high specific energy, but 
low stability; Manganese has low cost and high stability, but low specific energy; and Cobalt 
has high activity, but is toxic; Combining these metals leads to lower cost and toxicity of NMC 
compared to LCO [23]. This makes NMC a promising candidate for both portable electronics 
and EV applications. Similar to NMC, NCA provides high energy and power with good 
thermal stability and cycle life. Due to presence of Aluminum, NCA offers higher energy and 
stability compared to NMC, which makes it an excellent choice for automotive and premium 
electronic applications[24]. The last cathode material discussed is LFP which in contrast to 
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the other cathode materials is not a metal oxide. LFP is a low cost material offering high power, 
very good thermal stability, and excellent safety and cycle life [25]. However, the low 
operating voltage of 3.3 V vs. Lithium, reduces LFP electrode’s specific energy compared to 
the metal oxides counterparts. The main challenge of using LFP has been the low electronic 
conductivity which can be enhanced by nano-structuring and carbon coating of the active 
material [25]. LFP is mainly used in power tools and grid energy storage applications [26]. 
2.2 Lithium-ion battery models 
In order to better understand LIB’s physical and electrochemical behaviour different types of 
models have been developed. These models vary from simple empirical/circuit based models 
[27–29] to the homogeneous [30–34] and molecular dynamics models [35]. They also differ 
broadly in terms of complexity, computational cost, and reliability. Ideally, a model should 
predict the internal behavior of battery components at minimum computational cost. However, 
the inherent difficulty of LIB modeling is that it is a multiscale [36] multiphysics system. 
Multiple physical and electrochemical phenomena occur during LIB operation. These coupled 
physical and electrochemical phenomena are best described by complex non-linear partial 
differential equations that need to be solved numerically via Finite Element, Finite difference, 
Finite volume, and Boundary Element Methods. On the other hand, these multiphysics 
phenomena are happening over different length scales ranging from 1-nanometer to 1-meter 
scale, previously shown in Fig. 1-1. For example, in a LFP cathode, LFP nano-particles 
represent the smallest scale observed, secondary particles which are formed by those primary 
particles agglomeration of primary particles, represent the second size scale. The third size 
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scale is the positive electrode that consists of carbon conductive additive, polymeric binder 
and the secondary particles [37]. Simulation of a multiphysics system model that includes all 
those scales requires huge amount of memory.  
Another challenge in modeling of LIBs is that it is impossible to obtain all the model 
parameters from the experimental data. There are limited number of available experimental 
data for transport properties relative to each chemistry in literature. In addition, those reported 
properties also vary greatly in value. This is because the materials have been synthesized using 
variety of methods and their properties have been measured using various experimental 
techniques. For example, in the literature, the diffusion coefficient of Lithium-ion inside LFP 
chemistry ranges from 10-17 to 10-22 m2/s [38–40]. In order to determine unknown parameters, 
e.g. lithium-ion diffusion coefficient, the simulated performance voltage is compared against 
experimental data at a low C rate [32] (1C is the discharge current that discharge the entire 
battery in 1 hour). To determine the unknown parameter, it is varied to provide the best 
experiment/simulation fit. Then, the accuracy of the estimated parameter is confirmed against 
the available reported value in literature, if possible. In the following subsections, common 
LIB modeling approaches are briefly reviewed. 
2.2.1 Curve fitting and Circuit based models 
Curve fitting model provides an empirical correlation by fitting polynomial, exponential, 
power law, and logarithmic functions to the performance data, previously obtained by 
experiment. The model is used later to predict the future battery performance at various 
operating conditions [41]. Although the model can be used to predict cell performance, it 
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usually loses the accuracy outside the operating conditions in which it has been determined. 
The curve fitting approach lacks any physical meaning and fails to relate sophisticated 
multiscale multiphysics phenomena occurring during battery operation to the cell performance. 
The circuit based model describes the LIB using a circuit model that typically involves a 
combination of resistors, capacitors, voltage sources in parallel or series. The model various 
components value are determined in a way to provide the best fit against the battery impedance 
spectroscopy data [27],[42]. Current research in this area entails continuous updating of the 
model parameters during battery operation time using current and voltage data, see [27–29]. 
2.2.2 Single-particle model 
Single-particle model describes the battery electrode by a single active particle and simulate 
the discharge/charge performance without considering the structure of the porous. Lithium-
ion mass transfer is only modeled within the anode and cathode active particles and is limitated 
due to concentration variation and potential effects in the electrolyte being neglected [43–45]. 
Lithium diffusion is based on Fick’s mass transport and electrochemical reaction is based on 
Butler-Volmer kinetics.  
Table 2-1, summarize the governing equations used in single-particle model in which 
𝑐1 is lithium-ion concentration inside the active material particles, 𝑅𝑝 is particle radius, 𝐷1is 
lithium-ion diffusion coefficient in active material, 𝑗𝑛 is pore-solid flux of lithium-ion, 𝑖0 is 
exchange current density, 𝑘0 is reaction rate constant, F is Faraday’s constant, R is universal 
gas constant, T is Temperature, 𝐶1𝑠  and 𝐶2𝑠 are lithium-ion concentration in particle and 
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electrolyte at the solid/electrolyte interface, respectively; 𝐶𝑚𝑎𝑥 is the maximum concentration 
of lithium inside the solid matrix, 𝜙1is solid phase potential, and U is open circuit potential. 
The single-particle model is a simplified model that allows the battery performance 
prediction at low to moderate C-rates operating conditions. The single-particle model provides 
computational efficiency over pseudo-two-dimensional (P2D), which makes it a suitable 
candidate for battery pack and large scale simulations. However, their results deviate from 
experiment for high C rates or for batteries having thick electrodes [43]. Particle groups model 
[46–49] can also be categorized in this sub-section. These models include lithium diffusion 
inside multiple, e.g. four [46], groups of active particles which are connected to the percolated 
network of the solid matrix. The governing equations are similar to Table 2-1 in which each 
particle group has separate mass transfer equation and contributes to the total current density 
based on its individual particle size [47].  
 
Table 2-1 Governing equations of single-particle model 
Governing Equation  Boundary Condition 
 
𝜕𝑐1
𝜕𝑡
=
1
𝑟2
𝜕
𝜕𝑟
(𝑟2𝐷1
𝜕𝑐1
𝜕𝑟
)  
𝜕𝑐1
𝜕𝑟
|
𝑟=0
= 0  
𝜕𝑐1
𝜕𝑟
|
𝑟=𝑅𝑝
= −𝑗𝑛𝐷1  
𝑗𝑛 =
𝐼
𝐹
=
𝑖0
𝐹
(𝑒𝑥𝑝 (
𝛼𝑎𝐹
𝑅𝑇
(𝜙1 − 𝑈)) − 𝑒𝑥𝑝 (−
𝛼𝑐𝐹
𝑅𝑇
(𝜙1 − 𝑈)))  
𝑖0 = 𝐹𝑘0(𝑐2𝑠)
𝛼(𝐶𝑚𝑎𝑥 − 𝐶1𝑠)
𝛼𝐶1𝑠
𝛼
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2.2.3 Pseudo-two-dimensional model 
The P2D model is based on Newman’s porous electrode theory [50] and employs concentrated 
solution theory to describe the internal behavior of a LIB cell comprising positive and negative 
porous electrodes with a porous separator in between. P2D is a detailed multiphysics model 
that includes several physical and electrochemical internal variables comprising the 
electrochemical potentials and lithium-ion concentration within electrode’s pore and solid 
phases [30–34]. P2D has allowed researchers to study the effect of different operating 
conditions on battery performance without relying on costly experiments. The model has been 
widely utilized to optimize the electrode and separator structural design such as thickness, 
porosity, and electrode’s active particle size [51], [52]. 
The P2D model is based on governing equation of mass and charge transport. It depicts 
the electrochemical behavior of a 1D battery in isothermal condition. The model includes a 
total of 10 governing partial differential equations (PDEs) in x, r, and t, across three regions 
of positive and negative electrodes, and separator, and are given in Table 2-2 along with their 
corresponding boundary conditions. Here x represents the cell thickness direction and r is the 
particle radius coordinate. The boundary conditions at the electrode separator interfaces are 
given to satisfy continuity and conservation of flux, while the electrode-current collector 
interfaces are insulating conditions for all variables except the solid phase potential. The solid 
phase potential boundary conditions are dictated by the charging/discharge protocol 
considered. The governing equations for positive and negative electrodes are generally 
identical and differ only in the parameter values and correlations. The separator is void of 
active material, so all terms relating to the solid phase are absent. The first equation is obtained 
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from concentrated solution theory and mass balances of lithium-ion within the electrolyte 
phase. The second equation is the conservation of charge within electrolyte phase while the 
third equation is conservation of charge within the solid phase. The fourth equation is Fick’s 
2nd law of diffusion inside the solid particles (solid phase), which is analogous to governing 
equations of the single-particle model discussed in Section 2.2.2. Thus the P2D model can be 
seen as an extension of the single-particle model which accounts for variation across the 
electrodes and effects of the electrolyte.  
In Table 2-2, 𝜀 is electrode porosity, 𝑐2 is lithium-ion concentration in electrolyte, 𝐷𝑒𝑓𝑓 
is effective diffusion coefficient, 𝑎 is the volume specific surface area which is interfacial 
surface area per unit volume of electrode , and  𝑡+
0  is the transference number of the lithium-
ion in the solution,  𝑖2  is current density in electrolyte, 𝑘𝑒𝑓𝑓  is effective conductivity of 
electrolyte, and 𝑓2 is mean molar activity coefficient of electrolyte, I is total current density, 
𝜎𝑒𝑓𝑓 is effective conductivity of solid matrix. 
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Table  
2-2 Pseudo two dimensional model 
Governing Equations Boundary Conditions 
Electrode 
𝜀
𝜕𝑐2
𝜕𝑡
=
𝜕
𝜕𝑥
(𝐷𝑒𝑓𝑓
𝜕𝑐2
𝜕𝑥
) + 𝑎𝑗𝑛(1 − 𝑡+
0)  
𝜕𝑐1
𝜕𝑥
|
𝑥=0
= 0  
−𝐷𝑒𝑓𝑓,𝑒
𝜕𝑐
𝜕𝑥
|
𝑥=𝑙𝑒
−
=
−𝐷𝑒𝑓𝑓,𝑠
𝜕𝑐
𝜕𝑥
|
𝑥=𝑙𝑒
+
  
 
𝜕𝜙2
𝜕𝑥
= −
𝑖2
𝑘𝑒𝑓𝑓
+
𝑅𝑇
𝐹
(1 − 𝑡+) (1 +
𝜕𝑙𝑛𝑓2
𝜕𝑙𝑛𝑐2
)
𝜕𝑙𝑛𝑐2
𝜕𝑥
  
𝜕𝜙2
𝜕𝑥
|
𝑥=0
= 0  
−𝜅𝑒𝑓𝑓,𝑝
𝜕𝑐
𝜕𝑥
|
𝑥=𝑙𝑒
−
= −𝜅𝑒𝑓𝑓,𝑠
𝜕𝑐
𝜕𝑥
|
𝑥=𝑙𝑒
+
  
 
𝐼 − 𝑖2 = −𝜎𝑒𝑓𝑓
𝜕𝜙1
𝜕𝑥
  
𝜕𝜙1
𝜕𝑥
|
𝑥=0
= −
𝐼
𝜎𝑒𝑓𝑓
  
𝜕𝜙1
𝜕𝑥
|
𝑥=𝑙𝑒
−
= 0  
𝜕𝑐1
𝜕𝑡
=
1
𝑟2
𝜕
𝜕𝑟
(𝑟2𝐷1
𝜕𝑐1
𝜕𝑟
)  
𝜕𝑐1
𝜕𝑥
|
𝑟=0
= 0  
𝜕𝑐1
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Although single-particle and P2D models are developed based on multiphysics 
phenomena happening inside the battery, they typically use simple spherical particle or 
computer generated particles as the modeling geometry. Therefore, complex morphology of 
real electrode’s active particles and structure casts doubt on some of the physical and 
electrochemical findings of these models. Combining the multiphysics phenomena with the 
electrodes 3D reconstructed structure, using FIB-SEM or XCT, can provide reliable insight 
on the LIBs physical and electrochemical behaviour. In the present thesis, nano-XCT 
technology has been employed to obtain 3D visualization of the electrode. The following sub-
section briefly describe XCT working principles and reviews its application to LIB.  
2.3 X-ray Computed Tomography 
2.3.1 Working principles 
For most people X-ray computed tomography (XCT), also known as CT-scan (computed 
tomography-scan), is dedicated for medical application to visualize internal parts of human 
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body. Nowadays, the application of XCT has being extended to other science fields including 
natural science, material science, and geology [8], [53,54]. Although the technique was 
commercialized in 70’s, in the past 10 years with the development of nano scale laboratory 
and synchrotron radiation tomography, has been revolutionized. XCT offers unique 
characterization features including high resolution, high sensitivity, fast imaging, and matter 
penetration leading to its broad application in the nano-material research. Using XCT, there 
is no need for tedious sample preparation methods such as polishing and imaging of very 
brittle samples could be easily handled. It is a non-destructive technique, suitable for in-situ 
and in-operando studies [55–57]. New XCTs provide 3D images with a spatial resolution up 
to 20 nm (20 nm3 voxels) [58] which makes them an invaluable imaging tool in the same 
respect as electron microscopes such as scanning electron microscopy (SEM) and 
transmission electron microscopy (TEM). Nevertheless, there is still a spatial resolution gap 
between electron microscopes and XCT which needs to be narrowed [59].  
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Figure 2-2. (a) schematic of operation principle of transmission x-ray microscope (TXM) used 
for nano-XCT (b) photograph of TXM at sector 32-ID of the Advanced Photon Source of the 
Argonne National Laboratory, reproduced with permission from SPIE publishing [59]. 
Two XCT instruments have been employed for this dissertation: 1) laboratory nano-
XCT at Carnegie melon university called UltraXRM-L200 (also known as Ulta-800, Carl 
Zeiss X-ray Microscopy-formerly Xradia, Inc., Pleasanton, CA, USA) and 2) transmission x-
ray microscope (TXM) at the advanced photon source (sector 32-ID) of the Argonne National 
Laboratory. In order to achieve nano-scale resolution, laboratory and synchrotron XCT 
instruments employ lens-based systems. Laboratory nano-XCT devices employ an X-ray tube 
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with high voltage to collide electrons on to a metal target anode, e.g. copper. They typically 
generate X-rays with relatively low energy of ~8 keV [60]. Synchrotron X-rays are 
electromagnetic waves generated by high energy electrons in particle accelerators which can 
easily reach to GeV energy level. Their advantages over laboratory X-rays include higher 
penetration depth and high degree of monochromacity. Therefore, in addition to imaging, 
synchrotron X-rays are also employed in crystallography, diffraction, scattering, and various 
spectroscopy characterizations. Fig 2-2 shows schematic and real photograph of Transmission 
X-ray Microscope (TXM) in Advanced Photon Source of the Argonne National Laboratory. 
The operation principle of TXMs are similar to optical visible light microscopes. First, the 
tunable X-ray passes through a mono-capillary condenser lens to effectively focus on the 
sample. After passing through the sample a Fresnel Zone Plate is used to focus and magnify 
the images on to the detector. The sample is placed on a rotary stage that enables the imaging 
over 180ᵒ and makes nano-XCT imaging possible. Reconstruction algorithms are later used to 
generate 3D images.   
Two XCT imaging modes are currently used in material research: absorption contrast 
and Zernike phase contrast. In absorption contrast, the contrast is generated via transmitting 
an X-ray beam through the sample and capturing the resulting attenuated beam on a detector. 
The amount of X-ray absorption is dependent on the sample atomic number, Z, density of the 
material, 𝜌 , and the X-ray photon energy, Ep. The X-ray attenuation is proportional to 
𝑍3𝜌/𝐸𝑝
3 [61]. In addition to absorption contrast, low contrast, soft materials such as carbon 
and organic materials with low Z, can be imaged using Zernike phase contrast ring. For this a 
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gold ring is used to detect the phase shift of the x-ray passing through the sample, see Fig. 2-
2a. Once a large enough number of tomograms are taken to acquire the desired nano-scale 
resolutions (between 720 to 1500 tomograms over 180 degrees recorded [59] ), the 3D image 
is reconstructed employing filtered back projection (FBP) , see Fig. 2-3.  
 
Figure 2-3. Generating volumetric imaging using nano-XCT, reproduced from [62], open access 
reference. 
An XCT 2D image is typically called a tomogram or slice as it corresponds to a slice 
from a loaf of bread (Tomos is the greek word meaning cut or section). Similar to a slice of 
bread having thickness, an XCT slice also has a specified thickness of the object being imaged. 
Therefore, as pixels (picture elements) form a typical digital image, voxels (volume elements) 
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form a 3D volumetric image. The schematic in Fig. 2-3 represents the process of making a 
sample’s 3D volumetric image using laboratory XCT. The 3D image is reconstructed 
computationally based on several 2D tomograms using reconstruction algorithms. 2D 
radiographs are generated by passing the X-ray through the sample at many projections around 
it while the sample is rotating. The following sub-section highlights the important studies 
related to the XCT application in the LIB research. 
2.3.2 LIB application 
In case of XCT application to LIB , for the first time in 2010 Shearing group [53] reconstructed 
a 3D structure of a commercial graphite electrode using a laboratory scale XCT with spatial 
resolution of 480 nm. The authors divided the electrode’s volume into sub-volumes of various 
sizes to determine each sub-volume porosity, tortuosity, and volume specific surface area as 
a function of size. Based on their results, they could suggest a representative volume element 
(RVE) for the analyzed electrode sample. Later, they applied the same methodology to assess 
microstructural heterogeneity within a nano-structured LFP electrode using synchrotron XCT 
with resolution of 20 nm [63]. In this way, they employed a novel approach to quantify 
tortuosity based on heat-mass transfer analogy and found that tortuosity depends substantially 
on the direction measured, which negates a single scalar tortuosity assumption commonly 
used in homogeneous models. A similar study was conducted on a mesocarbon microbead 
(MCMB) electrode by Tariq et al. [64] to calculate the volume specific surface area, volume 
connectivity, and tortuosity using synchrotron nano-XCT with the spatial resolution of 16 nm. 
They found the tortuosity to be in the range of 2 to 7 for the solid and pore phase domain 
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respectively, confirming the presence of significant structural heterogeneity within the 
electrode microstructure. Furthermore, they showed that small particles are dispersed between 
large particles leading to increased electrode tortuosity. The highly tortuous electrode leads to 
the heterogeneous distribution of lithium-ion within the electrode’s solid domain. This could 
accelerate local material failure during battery cycling. Ebner et al. [65] employed synchrotron 
XCT with resolution of 370 nm to a NMC electrode to characterize the influence of using 
different calendering pressure on the electrode’s performance. They showed that higher 
pressure leads to less electrode porosity. However, the resulting high rate discharge capacity 
showed no dependency to the applied pressure, confirming that the capacity is limited by 
electronic rather than ionic conductivity.  
In addition to morphological analysis, XCT has offered the capability of linking 3D 
electrode structure to the electrochemical performance. In this way, a computer model uses 
the XCT reconstructed structure as the geometry and governing equation of mass and charge 
transport to simulate the electrochemical performance. The simulation provides the detail 
study of electrochemistry, mass and charge transport, mechanical stress, and thermal behavior 
within the electrode’s structure. For example, Yan et al. [66] simulated the discharge behavior 
of a LCO electrode based on nano-XCT reconstructed geometry. Their results show that the 
distribution of electrolyte concentration, current density, over potential, and intercalation 
reaction rate are very different from the results obtained from P2D model. Moreover, they 
showed that microstructure heterogeneity is responsible for the cell performance loss specially 
at high discharge rates. Using micro-XCT, Chung et al. [67] showed that electrode’s particle 
size polydispersity inside a LMO electrode impact the local chemical and electrical behaviour. 
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Their results demonstrated that at low rates polydispersed particle distribution delivers up to 
two times higher energy density compared to computer-generated monodispersed particles; 
However, at high rates, monodispersed particle size distribution delivers higher energy and 
power density. This can be attributed to the higher volume specific surface area of 
monodispersed particle size.  
As highlighted earlier in Chapter 1, XCT has enabled the investigation of electrode’s 
mechanical response using 3D reconstructed structure. Lim et al. [68] were the first who 
employed reconstructed particle structures as model geometry for calculating diffusion-
induced stress inside LCO and graphite particles. They calculated stress within both 
reconstructed and simple spherical particles and showed the stress level is several times higher 
in reconstructed particles compared to spherical particle with the same volume. Their results 
revealed that diffusion-induced stress is highly depended on the geometrical characteristics of 
the particles, highlighting the importance of including real particle geometry in the electrode’s 
mechanical behavior studies. Their results motivated the study conducted in Chapter 6, to 
further improve the model’s geometry by inclusion of CBD at the outer surface of the 
reconstructed particles. This enables the investigation of stress level within the electrode’s 
reconstructed active particle and surrounding CBD at the same time. 
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3. Multiscale modeling of lithium-ion battery electrodes based on 
nano-scale X-ray computed tomography 
This chapter is reprinted in adopted form with permission from Journal of Power Sources: 
A.G. Kashkooli, S. Farhad, D.U. Lee, K. Feng, S. Litster, S. K. Babu, L. Zhu, Z. Chen, 
Multiscale modeling of lithium-ion battery electrodes based on nano-scale X-ray computed 
tomography, Journal of Power sources, 2016, 307, 496-509. 
3.1 Introduction 
As mentioned earlier in Chapter 1, lithium-ion batteries (LIBs) have attracted a tremendous 
attention because of their high energy/power density and long cycle life. Recently, automotive 
industries have put considerable effort to accelerate electrification of vehicles using LIBs 
[69,70]. For this purpose, among different candidates for cathode material, LiFePO4 (LFP) is 
believed to be promising choice due to its low price, superb safety, and enhanced rate 
capability [71–73]. In addition to material selection, the electrode architecture also plays a 
crucial role in improving the performance of LIBs [64,74]. The microstructure of LIB 
electrode remarkably influences the performance by providing certain interfacial surface area, 
lithium-ion diffusion path, and active material connectivity [65,73], which particularly critical 
in automotive applications where the demands of energy and power densities are high [69]. 
The development of next generation high performance LIBs requires close relation 
between modeling and experiment. Mathematical models have been used to address physical 
and electrochemical processes occurring inside the battery and further employed to optimize 
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electrode design. However, traditional models still rely on a simplified picture of homogenous 
electrode which do not provide sufficient information about the electrode’s real microstructure. 
Newman and co-workers have developed one of the most successful LIB models based on the 
porous electrode and concentrated solution theory [30,52]. Newman's pseudo-2D (P2D) 
model, previously introduced in 2.2.3., assumes that the porous electrode is made of equally 
sized, isotropic, homogenous spherical particles [30]. This homogenous description of 
electrode structure results in smooth, uniform intercalation/de-intercalation of lithium inside 
the host materials and has proven to be successful in characterizing discharge/charge 
behaviors particularly at low to moderate rates [75,76]. Although P2D model assumptions are 
not preserved in real LIB porous electrodes, it is widely applied in a variety of LIB research 
due to its simplicity [77–79]. This includes the rate capability and design investigation [43,52] 
as well as thermal behavior [80–82] studies. However, it fails to predict the phenomena related 
to inhomogenious structure of the electrode microstructure such as performance drop at high 
rates [83,84]. In addition, the well-known method of estimating the specific surface area based 
on spherical particles and the electrode tortuosity using Bruggeman relation has been 
controversial [8,85]. Therefore, in order to have more genuine insight in LIBs research, there 
is a crucial need for an advanced model capable of simulating LIBs behavior based on the 
electrode 3D reconstructed microstructure. 
Recent advances in the X-ray computed tomography (XCT) have made nano-scale 3D 
microstructures capturing a reality. Nano-XCT offers the capability to non-destructively 
resolve the 3D structure of porous electrodes as it provides a high spatial resolution 2D stack 
to computationally reconstruct a 3D image of the electrode microstructure. The obtained 3D 
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geometry could be an alternative to commonly used computer-generated geometries [83,86] 
in LIB 3D models. As briefly discussed in 2.3.2, LIBs research involving XCT can be 
categorized into two general groups: the morphological studies and multiphysics modeling. 
The first group is dedicated to characterizing the 3D microstructure, particle distribution, pore 
scale morphological and transport properties analysis [8,68,87]. The second group, on the 
other hand, utilizes reconstructed 3D microstructure to simulate multiphysics phenomena 
occurring inside the cell such as discharge/charge performance [66], thermal behavior [88] 
and stress analysis [68]. Yan et al. [66] simulated the discharge behavior of LiCoO2 (LCO) 
based on nano-XCT data. Their results show that the distributions of electrolyte concentration, 
current density, over potential and intercalation reaction rate are significantly different from 
the results obtained from the P2D model. Furthermore, the microstructure inhomogeneity is 
found to be responsible for the performance loss particularly at high discharge rates. Lim et 
al. [68] modeled diffusion-induced stress inside LCO particles which were reconstructed using 
XCT. Their results demonstrated that the highest von Mises and Tresca stresses in a 
reconstructed particle are several times greater than those obtained from the simple spherical 
or ellipsoid particle with the same volume. Yan et al. [88] simulated the heat generation during 
galvanostatic discharge in LCO microstructure. Their results show that the simulation based 
on reconstructed microstructure predicts more heat generation than the P2D model at high 
discharge rates. The simulation based on the reconstructed microstructure commonly results 
in the wider distribution of physical and electrochemical properties. The authors attributed the 
higher predicted heat generation to this wider electrochemical properties distribution. Chung 
et al. [89] studied the electrochemical and chemo-mechanical response of LiMn2O4 (LMO) 
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cathodes based on the XCT method. Their simulations show that particle size polydispersity 
of microstructures impacts the local chemical and electrical behavior of a porous electrode. 
In this chapter, we aim to develop a model based on the 3D reconstructed microstructure 
of the electrode. Among different candidates, LFP was chosen as the focused technology due 
to the aforementioned reasons. Applying the above mentioned method on the electrode with 
nano-particles, e.g. LFP, to study multiphysics phenomena, poses the inherent multiscale 
difficulty involved in the LIB research [36]. Typically, models involve electrode’s 
microstructure, study LIBs behavior in two different length scales simultaneously; the first 
scale is in the range of the particle size which is couple of micrometers in case of LCO and 
LMO and tenth of nanometers for LFP. In this work, this scale is called "microscale" wherein 
electrode’s reconstructed structure is included. The second scale is in the range of the electrode 
thickness, typically 100 micrometers, where discharge/charge is characterized and here is 
called "macroscale". For a micro-particle electrode, the model length scale is from 10-6 to 10-
2 m considering both microscale and macroscale. However, the scale is from 10-8 to 10-2 m for 
a nano-size particle. Thus, the length scale range is two orders of magnitudes higher in case 
of an electrode with nano-particles compared to the electrodes made of micro-particles. When 
running the 3D simulation, this requires around 106 times more mesh elements that would 
burden a huge extra computational cost on the model simulation. To avoid this, the concept 
of multiscale modeling has been employed to investigate LFP electrode behavior [36,90–92]. 
First, the electrode microstructure was reconstructed based on the nano-XCT data and the 
intercalation flux were obtained based on the simulation results on microscale. Then, the 
intercalation flux was exported to the macroscale to update the state variables such as electric 
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potentials and specious concentrations in macroscale. Finally, the intercalation flux is updated 
based on the recent updated variables and sent back to microscale domain [93]. The link 
between microscale and macroscale is accomplished through coupling of equations at two 
sub-scales simultaneously [93], meaning that all the governing equations are solved 
concurrently in two scales and state variables are transferred between them in real time. To 
couple sub-scale models, another approach reported in the literature is serial coupling  [94]. 
In the serial coupling, a surrogate-based model is determined from the pre-processed 
simulation data carried out on the microscale. The surrogate model is obtained based on the 
numerical experiment performed on microscale. For this, a quasi-steady state simulation of 
the governing equation is performed based on an experiment design for the initial values of 
state variables. Then, to couple the two scales, database and look up table [95,96] approach is 
used to couple microscale with macroscale. Although using serial method diminishes 
computational time, it includes error due to uncertainty in fitting the empirical model to 
microstructural data. In addition, the assumption of quasi steady state in microscale is highly 
questionable in a mainly time dependent model.  
In this chapter, an advanced imaged-based multiscale computational framework capable 
of modeling LIBs is established. The modeling simulation results are presented for an LFP 
cathode scanned by a nano-XCT device and processed/reconstructed by a commercial 
software Simpleware 7 (Synopsys, Mountain View, USA). To achieve accurate results, a 
concurrent multiscale model is implemented in COMSOL Multiphysics® 5.0 software. 
 32 
 
 
Figure 3-1. Different morphological images of a commercial LFP (a) Nano-XCT tomogram, 5 
µm each side (b) Reconstructed structure, 5 µm each side (c) SEM image, scale bar is 100 nm. 
3.2 Electrode structure reconstruction   
The LFP sample used in this study is from a commercial LFP/graphite cell which was 
disassembled in an argon filled glove box (H2O < 0.5 ppm, O2 < 0.5 ppm). Since the 
Aluminum current collector affects the XCT scan, it was detached from the electrode by 
soaking in 6 molar KOH solution [66]. The sample was imaged using nano-XCT (UltraXRM-
L200, Xradia Inc., Pleasanton, CA) at Carnegie Mellon university [97]. A high resolution scan 
of the region of interest with 50 nanometers spatial resolution and 16 µm field of view was 
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performed. A total of 990 tomograms were obtained by rotating the sample over 180◦ with 16 
nm distance between slices. Then, the obtained 2D stack was segmented using binary 
thresholding technique to convert greyscale stack to binary stack. Eventually, 3D morphology 
of the LFP nano particles was reconstructed based on the 2D stack by ScanIP 7 (software in 
Simpleware package).  
Fig. 3-1a shows a 2D raw morphology of the electrode microstructure based on a 2D 
tomogram obtained from 2D stack after segmentation. Fig. 3-1b shows the reconstructed 3D 
microstructure of the electrode consists of cluster of particles and Fig. 3-1c represents the 
SEM image of electrode nano-particles. In Fig. 3-1a and 3-1b, the black region consists of 
cluster of active material particles whereas white region includes pore, additives comprising 
polymer binder (PVDF) and conductive carbon material. Since X-ray is highly sensitive to the 
atomic number, low atomic number additive phases could not be captured with one run of 
imaging. To distinguish different phases, two modes of imaging are needed: absorption 
contrast which capture active material and Zernike phase contrast that detects active material 
along with solid phase additives. Details of the method of distinguishing various electrode 
regions can be found in Ref. [98]. In this work, additives are not considered separately from 
the active material because it is hard to clearly distinguish them from active material. 
Moreover, treating them as separate regions requires an excessive computational load. It is 
shown that if the weight percentage of active material is high, the carbon material and polymer 
binder are distributed randomly in the electrode [99]. The weight percentage of active material 
in the current electrode is 90 percent obtained by Thermogravimetric Analysis (TGA) [100]. 
Hence, we assumed that the low percentage carbon material is randomly distributed among 
 34 
 
the active material to provide electronic connectivity. For this, a growing region image 
processing algorithm with the width of one pixel was applied on the active material region to 
provide fusion of neighbouring active material together. Before this, unwanted noise was 
removed using recursive Gaussian filter with cubic Gaussian sigma value of 1. Gaussian sigma 
is a parameter that determines how many neighboring pixels should contribute to the 
smoothing operation of corresponding pixel. The obtained 3D reconstructed microstructure 
pore volume became 40% after filtering and image processing improvement which came in 
agreement with the 35% porosity of the real electrode obtained by Brunauer Emmett Teller 
(BET) measurement. The difference could be attributed to the unconnected pores which 
cannot be detected by BET.  
 
Figure 3-2. Multiscale modeling framework. 
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3.3 Experiment 
For validation of the model, several coin cell (half-cells) were fabricated from the LFP cathode 
of the disassembled commercial LIB. Since LFP had been coated on both side of an aluminum 
sheet, the LFP coated on one side was removed using a cotton-based wipe soaked in 1-methyl-
2 pyrolidinone (NMP) and scotch tape. To make the coin half-cells circular cathodes with area 
of 1.13 cm2 were punched and coin cells (LIR2032-type) were assembled with a lithium metal 
foil as the counter electrode and an ion permeable separator (Celgard 2500). The electrolyte 
is 1M lithium hexafluorophosphate (LiPF6) in 1:1 ethylene carbonate (EC): diethyl carbonate 
(DEC) and sealed before removal from the glove box. The cells then were tested on a battery 
cycler (Neware CT-3008-5 V10 mA). All cells were first cycled five times for the formation 
stage with a constant-current–constant-voltage CCCV protocol [46] on charge (CC at C/5 
between 2.5 and 4.2 V and CV until I < C/25) and a 30 minutes period of rest, followed by 
CC discharge between 4.2  and 2.5V versus Li electrode. Then, in order to estimate the 
equilibrium potential, a fully charged electrode was discharged at CC at C/25 and the result is 
presented in Table 3-3. The rate-capability tests were accomplished on the coin half-cell setup 
by galvanostatic charge/discharge at C-rates ranging from C/25 to 4C between 2.5 and 4.2 V 
versus Li electrode. For all rates, CCCV protocol was used for charge (CV until I <C/25) to 
make sure the cathode came back to a fully charged state.  
3.4 Modeling and Computer Simulation 
Multiscale model development of the LIB half-cell based on the 3D reconstructed structure is 
presented in this section. This includes the geometries and governing equations on 3D 
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microscale and 1D macroscale domains along with the bridging between two scales. The 
microscale geometry is a Representative Volume Element (RVE) of the total reconstructed 
electrode. The macroscale is a 1D sandwich model of Li foil | separator | cathode to simulate 
half-cell charge/discharge performance. As discussed in 3.1, to couple the state variables such 
as electric potentials and specious concentrations between two scales, concurrent approach is 
used. Bridging is accomplished through transferring the calculated intercalation flux on the 
macroscale as the boundary condition for microscale. Then, the governing equations in 
microscale are solved to update the lithium concentration inside the microstructures and to 
calculate the new intercalation flux. Next, the intercalation flux is sent back to the macroscale, 
which is later used in the governing equations on the macroscale domain to update the state 
variables. The updated state variables in the macroscale are then used to update the 
intercalation flux which in the next time step is applied as an interfacial boundary condition 
in the microscale domain. This circular coupling, which is illustrated in Fig. 3-2, continues 
during the cell operation time. The coupling details will be further discussed in 3.4.4.   
3.4.1 Microstructure selection  
As discussed in the introduction, the reason that multiscale approach was chosen is due to the 
presence of LFP nano-particles which creates complicated microstructure, see Fig. 3-1. In 
order to choose appropriate microstructure we apply the concept of RVE which represents a 
portion of  the electrode as a cluster of particles [101]. Majdabadi et al. [33] showed that the 
largest particle radius in the commercial LFP battery, which is similar to the one we 
disassembled, is around 169 nm. The particles with the size of 169 nm, allocate around 10% 
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(volume) of the active electrode material. Accordingly, we calculated the smallest volume of 
the electrode that has at least one particle with the largest size. We achieved a cubic RVE with 
sides of 728 nm which is the largest characteristic size of the microstructure.  
Another approach to find the smallest RVE size is to calculate the electrode properties 
for a small cubic subdivision of the electrode sample. The subdivision size then will be 
increased until electrode properties e.g. porosity 𝜀 and specific interfacial surface area per unit 
volume of electrode 𝑎, remain within an acceptable range. Table 3-1 shows porosity and 
specific surface area per unit volume for various cubic subdivisions using ScanIP. As 
mentioned previously, the domain porosity is around 0.4. For the sizes above 707 nm, when 
the subdivision size increases, the porosity of the subdivisions remains within the 3% of the 
domain porosity. On the other hand, the average specific surface area of the electrode is around 
3.6 (1/  𝜇m) where it remains within the 9% of the domain specific surface area for the 
subdivisions above 707 nm. Using the results of both approaches, a RVE with 750 nm each 
side from reconstructed microstructure was chosen for the current simulation.  
Table 3-1. Porosity and specific surface area per unit volume for cubic subdivisions of the 
electrode sample with different size using ScanIP 7 (Simpleware, HO, Exeter, England) 
Cube side 
(nm) 
                    Porosity, 𝜀 Specific surface area, a (1/ 𝜇m) 
2122 0.41 3.62 
1415 0.36 3.59 
1132 0.42 3.73 
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849 0.42 3.71 
707 0.39 3.51 
566 0.35 4.27 
424 0.6 4.92 
283 0.58 4.87 
3.4.2 Governing equations in macroscale 
In this sub-section, the governing equations of mass and charge transfer are developed for 
each component of the 1D cell structure in macroscale, including the LFP porous cathode, a 
porous and ion permeable membrane separator, Li foil counter electrode, and the electrolyte 
that fills the cathode and separator pores. During discharge electrons flow in the external 
circuit from lithium foil to the cathode current collector and lithium-ions travel through the 
separator to the cathode. The following electrochemical reaction happens during the discharge 
and charge process: 
Positive Electrode: 
 𝑥𝐿𝑖+ + 𝑥𝑒− + 𝐿𝑖𝑦𝐹𝑒𝑃𝑂4 ⇌  𝐿𝑖𝑥+𝑦𝐹𝑒𝑃𝑂4 (3-11) 
Negative Electrode: 
 𝐿𝑖 ⇌ 𝐿𝑖(1−𝑥) + 𝑥𝐿𝑖
+ + 𝑥𝑒− (3-2) 
The mathematical model employed to simulate macroscopic 1D half-cell LIB is based 
on the porous electrode theory [50,102,103]. For the transport of lithium-ions inside the 
electrolyte concentrated solution theory is used which can be written as: 
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 𝜀
𝜕𝑐2
𝜕𝑡
=
𝜕
𝜕𝑥
(𝐷𝑒𝑓𝑓
𝜕𝑐2
𝜕𝑥
) + 𝑎𝑗𝑛(1 − 𝑡+
0) (3-3) 
Where 𝑐2 is the concentration of lithium inside electrolyte, 𝐷𝑒𝑓𝑓 is effective diffusivity, 𝑗𝑛 is 
the pore-solid flux of lithium ions, and  𝑡+
0  is the transference number of the lithium ion in the 
solution which is assumed to be constant in this work. The subscripts i = 1, 2 are the solid and 
electrolyte phases, respectively. The governing equations in the macroscale are similar to the 
ones in the P2D model. However, the model properties are calculated using the real specific 
surface area, 𝑎 , and the effective diffusivity, 𝐷𝑒𝑓𝑓 as described in ref. [63]. 
The effective diffusivity is defined as [63]: 
 𝐷𝑒𝑓𝑓 = 𝐷
𝜀
𝜏
 (3-4) 
Where D is the intrinsic diffusivity and 𝜏 is the electrode tortuosity which accounts for the 
obstruction to diffusion by porous network. Generally, in traditional LIB modeling tortuosity 
is calculated using Bruggeman correlation [30,31,52]. However, Bruggeman derived the 
correlation for a specific structure containing spherical particles which is not the case for 
diverse morphology of LIB active materials [63]. In order to calculate the tortuosity, using 
heat and mass transfer analogy, the steady state conductive heat transfer was simulated on 
both pore network and active material microstructure. The temperature distribution was 
obtained within the pore network by applying temperature gradient in x, y, z directions 
separately. To calculate the tortuosity, results obtained from the pore network must be 
compared to the one obtained through a uniform, non-porous sample with the same 
dimensions as discussed in ref. [63] by cooper et al. Table 3-2 represents directional tortuosity 
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and its average value based on the stationary heat transfer simulation. Electric potential in the 
solution 𝜙2 is represented by Ohm's law as: 
 
𝜕𝜙2
𝜕𝑥
= −
𝑖2
𝑘𝑒𝑓𝑓
+
𝑅𝑇
𝐹
(1 − 𝑡+) (1 +
𝜕𝑙𝑛𝑓2
𝜕𝑙𝑛𝑐2
)
𝜕𝑙𝑛𝑐2
𝜕𝑥
 (3-5) 
where 𝑖2 is current density in the electrolyte, 𝑘𝑒𝑓𝑓 is effective conductivity, R is the universal 
gas constant, T is temperature, F is Faraday's constant, and 𝑓2  is mean molar activity 
coefficient of electrolyte and is assumed to be constant. Since tortuosity is a geometric 
characteristics of the electrode, it is not related to the transport processes. Therefore, 𝑘𝑒𝑓𝑓 can 
also be calculated using eq. (3-4) by replacing diffusivity, D with conductivity,  𝑘  using 
tortuosity values listed in Table 3-2.  
Table 3-2. Directional tortuosity of both solid and electrolyte phase of the studied LFP cathode. 
Region 
Volume 
fraction 
𝜏𝑥 𝜏𝑦 𝜏𝑧           𝜏𝑎𝑣𝑔 
Solid phase 0.6 1.6116 1.8154 1.7794 1.7311 
Electrolyte phase 0.4 2.2544 2.4289 2.0844 2.2472 
 
This is also valid for all upcoming effective parameters. The electric potential in the 
solid phase, 𝜙1, is described using Ohm's law in solid as follows: 
 𝐼 − 𝑖2 = −𝜎𝑒𝑓𝑓
𝜕𝜙1
𝜕𝑥
 (3-6) 
Where, I is superficial current density, 𝜎𝑒𝑓𝑓 is effective conductivity of solid matrix.  
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The lithium ion intercalation reaction in the solid matrix is estimated from the Buter-Volmer 
equation as: 
 𝑗𝑛 =
𝐼
𝐹
=
𝑖0
𝐹
(𝑒𝑥𝑝 (
𝛼𝑎𝐹
𝑅𝑇
𝜂) − 𝑒𝑥𝑝 (−
𝛼𝑐𝐹
𝑅𝑇
𝜂)) (3-7) 
Where, 𝜂, is the surface overpotential defined as: 
 𝜂 = 𝑈 − 𝜙1 − 𝜙2 (3-8) 
And 𝑖0 is the exchange current density defined as [30]: 
 𝑖0 = 𝐹𝑘0(𝑐2𝑠)
𝛼(𝐶𝑚𝑎𝑥 − 𝐶1𝑠)
𝛼𝐶1𝑠
𝛼
 (3-9) 
Where, 𝑘0 is a reaction rate constant, 𝐶1𝑠 and 𝐶2𝑠 are the lithium ion concentration at 
the interface of the active material and electrolyte, respectively, 𝐶𝑚𝑎𝑥  is the maximum 
concentration of lithium inside the solid matrix, and U is the open circuit potential which is a 
function of 𝐶1𝑠. 
3.4.3 Governing equations in microscale and bridging 
The conservation of mass inside the microscale is governed by Fick's mass transfer equation: 
 
𝜕𝑐1
𝜕𝑡
= ∇. (𝐷1∇𝑐1) (3-10) 
Where, 𝑐1 is the concentration of lithium-ion inside the microstructure, 𝐷1 is the solid state 
diffusivity of LFP, and ∇ operator applies on the spatial coordinate in the 3D microscale 
domain. Boundary condition for the eq. (3-10) is expressed as:  
 𝑗𝑛 = −𝐷1∇𝑐1. 𝑛      at the interface of the solid matrix and electrolyte (3-11) 
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Where, n is the unit vector normal to the boundary interface and 𝑗𝑛  is the pore-wall flux 
imported from macroscale.  As shown in Fig. 3-2, bridging between two scales is a circular 
or two way coupling of state variables in real time (concurrent coupling). Fig. 3-2 shows the 
multiscale framework along with the time dependent solution algorithm in counter clock wise 
direction. The marching in time starts by calculating pore-wall flux, 𝑗𝑛 from macroscale initial 
values, shown by red bubble in Fig. 3-2.  The calculated pore-wall flux, 𝑗𝑛 then is used as the 
boundary condition eq. (3-11) for eq.(3-10) in microscale; by this lithium-ion concentration, 
𝑐1 ,  is updated inside the whole microstructure using eq. (3-11) specially this includes 
updating electrode/electrolyte interface, 𝐶1𝑠 . The updated 𝐶1𝑠  would be used to update 
exchange current density, 𝑖0  and next pore-solid lithium flux 𝑗𝑛 . To update the flux, we 
assume that the electric potential and electrolyte concentration at the interface does not change 
between the two scales. The updated pore-solid lithium flux then is mapped from microscale 
to macroscale and next will be used to update other state variables through macroscale 
governing equations. This loop continues until the stop operation condition of the cell is 
satisfied. 
The only remaining issue to complete the model development is determining solid state 
diffusivity of LFP, 𝐷𝐿𝐹𝑃 , where special care needs to be taken. In modeling LIBs, all 
chemistries share a common modeling framework that involves transport of charge across 
both the electronic and ionic phases in an electrode, transport of mass in the ionic phase, 
reaction at the electrode/electrolyte interface, and transport of Li ions in the solid particles 
[32]. The unique features of each chemistry are then accounted for by changing the parameters 
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that describe these processes e.g. thermodynamic potential and diffusion coefficient 
appropriately. However, the LFP electrode differs from these systems in that it undergoes a 
phase change with the lithiated and unlithiated forms having distinct phases, as evidenced 
from X-ray diffraction  patterns of the material at various stages of lithiation [104]. The phase 
change of LFP first was incorporated into P2D model using the shrinking core concept by 
Srinavasan et al. [32]. The core-shell model considers the existence of a core of one phase 
covered with a shell of the second phase and transport of lithium ions in the shell move the 
boundary between two phases. The validity of the Core-Shell model has been controversial 
[34,105,106] since it has shown to be incompatible with experimental observation [107]. To 
account for phase change, here we have used the variable solid-state diffusivity model 
[33,34,106] which model LFP phase change by a thermodynamic factor 𝛾 as: 
 𝐷1 = 𝐷𝐿𝐹𝑃𝛾 (3-12) 
𝛾 can be calculated based on the open circuit potential 𝑈, and state of charge of the electrode, 
y,  using: 
 𝛾 = −
𝐹
𝑅𝑇
𝑦(1 − 𝑦)
𝜕𝑈
𝜕𝑦
 (3-13) 
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Table 3-3. List of model parameters.  
Parameter Description Value 
A  Area of the electrode 1.13 cm2 
𝑙𝑝𝑜𝑠 Positive electrode thickness  50 𝜇m 
𝑙𝑠𝑒𝑝 Separator thickness 52 𝜇m 
𝜀𝑝𝑜𝑠 Porosity of positive electrode   0.4 
𝜀𝑠𝑒𝑝 Porosity of separator 1 
𝐷𝐿𝐹𝑃 Solid state binary diffusion coefficient of  LFP 7 × 10
−18 m2 s-1 
𝜎 Electrical conductivity of positive electrode 0.03 S/m 
𝑘0 Reaction rate constant in positive electrode 2.5 × 10
−13 
mol m−2s−1(mol m−3)−1.5 
𝛼𝑎 Anodic transfer coefficient  0.5 
𝛼𝑐 Cathodic transfer coefficient 0.5 
𝑖𝑓 Exchange current density of lithium foil 19 A m
-2 
𝑐𝑖𝑛𝑖 Initial salt concentration in the electrolyte 1000 mol m
-3 
𝑐𝑚𝑎𝑥 Maximum Lithium concentration in the LFP 
particles 
22800 mol m-3 
𝐷𝐿𝑖𝑃𝐹6 Salt diffusivity of electrolyte 3 × 10
−10 m2 s-1 
𝑡+
0  Lithium ion transference number 0.343 
𝑇 Cell Temperature 298 K 
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𝑈 Open circuit potential of LFP Uc/50  
= 3.382 + 0.00470 y
+ 1.627exp(−81.163 y1.0138)
+ 7.6445
× 10−8exp(25.36 y2.469)
− 8.4410 
× 10−8exp(25.262 y2.478) 
 
3.5 Results and Discussion 
As discussed earlier, in the P2D model it is assumed that the porous electrode consists of 
isotropic, homogeneous, monodispersed spherical particles [66]. These assumptions are not 
valid for real battery electrodes where the electrode microstructure is inhomogeneous, non-
isotropic with 3D pores and constructed from different size and shape particles. In this study, 
consideration of the 3D reconstructed real electrode microstructure creates the opportunity to 
remove the P2D assumptions to reach more accurate and more detailed results related to the 
electrode microstructure.  
The galvanostatic discharge at various rates for an LFP half-cell with the model 
parameters listed in Table 3-3 is obtained from the multiscale model and shown in Fig. 3-3a. 
It is noted that the multiscale model takes the real electrode structure into account. The design 
adjustable parameters including the solid phase diffusion coefficient, 𝐷𝐿𝐹𝑃, and solid matrix 
conductivity, 𝜎, are determined based on the method described in ref. [32] and compared with 
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the obtained experimental data. In addition, to compare the multiscale model with Newman 
P2D model, the half-cell is also simulated based on the P2D model and results are shown in 
Fig. 3-3b. In P2D model, the average spherical particle size was chosen to be 37 nm based on 
the single particle distribution obtained by SEM (see Fig. 3-1c) [33]. The specific surface area 
of electrode/electrolyte in the P2D model is calculated for spherical particles with a radius of 
37 nm and the effective transport properties including 𝐷𝑒𝑓𝑓 , 𝑘𝑒𝑓𝑓 , 𝜎𝑒𝑓𝑓, are calculated using 
Bruggeman relation with the coefficient of 1.5 [30].  
 
Figure 3-3. Comparison of the modeling (line) and experimental (dots) results for a LFP 
electrode half-cell at different discharge rates (a) multiscale model (b) Newman P2D model. 
As shown in Fig. 3-3b, the P2D model over predicts the capacity at discharge rates 
lower than 1 and under predicts the capacity for higher discharge rates. Other researchers have 
also achieved the same results for the Newman P2D model [32–34]. In the modeling work 
using P2D model, the normal remedy to address this issue is using two [32] or four [33,34] 
different particle sizes to mimic the real electrode microstructure. On the other hand, the 
multiscale model could also predict the discharge curves at different rates without further 
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assumption using reconstructed electrode morphology. The reconstructed geometry provides 
higher surface area for the lithium to intercalate compared to the spherical particle geometry 
with average size in the P2D. Moreover, the multiscale model does not use the Bruggeman 
relation to calculate the effective transport properties. 
Even though P2D model has proven successful to predict the performance, it fails to 
predict the degradation and failure. The main advantage using tomographic data in the current 
work is to visualize the heterogeneities inside the electrode microstructure contributing to 
electrode failure and degradation. The approach used in this study can provide valuable insight 
into the spatial distribution of electrochemical properties inside the electrode structure. For 
the LFP half-cell, during discharge at 1C, the lithium concentration, current density, open 
circuit potential (OCP), overpotentials, and intercalation reaction rate are determined from the 
multiscale modeling. The lithium concentration in the electrode microstructure along the 
electrode thickness direction at discharge rate of unity for various states of charges (SOCs) is 
shown in Fig. 3-4. Here, SOC is defined as the ratio of local lithium concentration to its 
maximum possible concentration. 
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Figure 3-4. Distribution of lithium concentration (mol m-3) inside the electrode microstructure 
during discharge at C-rate=1 for different SOCs (3D electrode microstructure represents 
geometry in microscale and 1D x-coordinate describe geometry in macroscale along the electrode 
thickness direction). 
The average lithium ion concentration increases from the separator toward the current 
collector. Moreover, lithium ion concentration in microstructure is much higher in the region 
with smaller cross section area perpendicular to lithium intercalation pathway. At SOC=0.5, 
the maximum lithium ion concentration is 4.51 × 104 𝑚𝑜𝑙. 𝑚−3 which is in the location of 
one of those sharp regions close to the current collector (cal. around 10 times compared to 
average lithium concentration in the RVE). Moreover, Fig. 3-4 shows that sharp region at 
SOC=0.95, have higher concentration than the maximum concentration at the end of discharge 
( 4.51 × 104 compared to 2.9 × 104) . The last feature that can be found from the 
concentration distribution is that the maximum concentration occurs in different locations 
across the electrode thickness at different times. The maximum concentration takes place in 
the cathode current collector location at SOC=0.95 and 0.5, whereas, it occurs in the location 
close to the separator at the end of discharge.  
These unpredictable behavior confirms the inherent non-homogenous microstructure of 
LIB and could not be detected using homogenized methods. This behavior could be described 
better by comparing the lithium ion concentration histogram as shown in Fig. 3-5. The 
distribution range of lithium concentration becomes wider from separator to current collector 
for SOC=0.95 and 0.5. This would result in the more inhomogeneity in concentration for the 
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particles closer to current collector. However, at the end of discharge the condition is reversed 
and the inhomogeneity shifts toward the separator.  
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Figure 3-5. Histograms of the lithium ion concentration inside microstructure using multiscale 
model at C-rate=1. 
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Current 
Collector 
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To emphasize the model capability to capture inhomogeneity, lithium ion concentration 
result using P2D is also shown in Fig. 3-6 for comparison. The wider range of lithium 
concentration using multiscale model is evident comparing two Figs. 3-5 and 3-6. In addition, 
lithium concentration distribution using P2D model shows a certain trend because the 
properties vary in direction of electrode thickness. Nevertheless, the property distribution 
based on the real microstructure properties show no clear trend due to inherent inhomogeneity 
of microstructures.  
Fig. 3-7 illustrates the overpotential distribution on the electrode solid/electrolyte 
interface. The overpotential is calculated using eq. 3-8, and is a function of OCV, electric 
potential in the solid, 𝜙1 , and electric potential in electrolyte, 𝜙2 . OCV is obtained by 
microscale simulation results from the lithium concentration on the solid/electrolyte interface. 
The OCP is a function of the SOC on the electrode solid/electrolyte interface based on the 
experimental data obtained during the half-cell discharge at C/50 (shown in Table 3-3). 
Inhomogeneous distribution of the OCP is due to different lithium concentrations and material 
utilization during discharge. On the other hand, electric and electronic potentials are achieved 
through macroscale results. Therefore, the overpotential is a property that requires to be 
calculated using results from the multiscale: microscale and macroscale. On the 
solid/electrolyte interface at a certain point along the thickness direction, the overpotential 
variations is primary due to OCP changes. However, among different location along thickness 
direction is due to different contributions of OCP and electric potential in the solid and 
electrolyte. 
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 Figure 3-6. Histogram of the lithium ion concentration using P2D model inside spherical 
particles with radius of 37 nm at C-rate=1. 
Current 
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Figure 3-7. Distribution of the overpotential (unit:V) on the solid/electrolyte interface during 
discharge at C-rate=1 for different SOCs.  
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x= lpos/10 x= lpos x=lpos/2 
Current 
Collector 
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To compare the simulation results at different rates, discharge process at C-rate=4 is 
presented in Fig. 3-8. Lithium ion concentration in the electrode microstructure at the end of 
discharge for C-rate=4 is shown in the first row in Fig. 3-8. Simulation results show higher 
inhomogenity inside microstructure at C-rate=4 (1st row in Fig. 3-8) compared to the C-rate=1 
(3rd row of Fig. 3-4). The inhomogenity could be better scrutinized by comparing the range 
of lithium concentration at different rates. 
Table 3-4. Lithium concentration range in the microstructure along the electrode thickness 
direction at different rates (time: end of discharge, unit: mol/m3). 
C-rate lpos/10 lpos/2 lpos 
1 3.50 × 104 2.33 × 104 1.37 × 104 
4 1.05 × 105 7.40 × 104 3.91 × 104 
 
 Table 3-4 summarizes those ranges which clearly confirms the wider range of 
concentration at higher rate due to effect of inhomogeneities. In addition, OCP and 
overpotential interfacial properties at the solid/electrolyte interface along the electrode 
thickness direction are also shown in 2nd and 3rd row of Fig. 3-8, respectively. Fig. 3-8 shows 
that the interfacial properties are also distributed in a wider range at C-rate=4 compared to C-
rate=1.  
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Figure 3-8. Distribution of lithium concentration (mol m-3) and Interfacial properties along the 
electrode thickness direction at the end of discharge for C-rate=4.  
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3.6 Conclusions 
In this chapter, we have successfully established an imaged-based multiscale model to 
study the real microstructure of electrodes of lithium ion batteries. The model is based on the 
real 3D microstructure data, while taking advantage of the traditional homogenous 1D model 
in macroscale to characterize discharge/charge performance. In macroscale, the model is 
modified through dropping Bruggeman relation and replacing it by real tortousity of the 
electrode porous structure. In addition, the interfacial surface area is determined based on the 
nano-XCT data removing the typical relation assuming spherical particles. The coupling 
between micro and macro scales are performed in real time unlike using common surrogate 
based models for microscale. The simulation results could predict the experimental discharge 
voltage of LFP cathodes at different rates. The simulation showed that the lithium ion 
concentration in the electrode active material structure is much higher in the region with 
smaller cross-section area perpendicular to the lithium intercalation pathway. Such low area 
regions would intercalate ca. 10 times higher than the area with an average concentration. The 
approach used in this study can provide valuable insight into the spatial distribution of lithium 
ions inside the microstructure of LIB electrodes. The inhomogenous microstructure of LFP 
causes a wide range of physical and electrochemical properties compared to the homogenous 
model.  
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4. Representative Volume Element Model of Lithium-ion Battery 
Electrodes Based on synchrotron X-ray Nano-tomography 
This chapter is reprinted in adopted form with permission from Journal of applied 
electrochemistry: 
Kashkooli, A. G.; Amirfazli, A.; Farhad, S.; Un Lee, D.; Felicelli, S.; Woong Park, H.; Feng, 
K.; De Andrade, V.; Chen, Z. Representative volume element model of lithium-ion battery 
electrodes based on X-ray nano-tomography Journal of Applied Electrochemistry, 2017, 47-
281.  
4.1 Introduction 
As highlighted in previous chapter, various computer models have been developed in the past 
to predict the performance based on different electrode designs and operating conditions 
[102,103,108]. However, the results of these models demonstrated limited accuracy due to the 
over-simplification of electrode structures. Physics based LIB models based on their 
description of electrode structures, are categorized into four distinct groups: 1) models that 
describe electrodes as homogenous single-sized spherical particles [12,78,109]; 2) models that 
describe electrodes comprising of multi-sized spherical particles [33,34,110]; 3) models that 
deploy sophisticated mathematical methods to simulate electrode structures [89,111,112]; 4) 
models that reconstruct real electrode microstructures using two imaging methods of Focused 
ion beam-Scanning electron microscopy (FIB-SEM) and X-ray computed tomography (XCT). 
The computational costs of groups 3) and 4) are significantly higher due to their complexity 
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compared to those of 1) and 2). However, the advantage of them over those of 1) and 2) is 
much detailed information that can be obtained such as heterogeneous distributions of lithium-
ions inside electrode microstructures during both lithiation (charge) and de-lithiation 
(discharge) processes, which is very useful when simulating the whole battery-cell or battery-
pack.  
The aforementioned complexities associated with 3D modelling of electrode 
microstructures can be reduced without sacrificing accuracy by considering smaller sizes of 
electrode volume called Representative Volume  (RVE) [113–115]. The RVE provides a way 
to compute a smaller domain while maintaining the heterogeneous microstructures of the 
electrode, which is one of the determining factors that often dictate the overall cell 
performance. This essentially allows for improved computational efficiency by reasonably 
reducing computational costs associated with modeling complex 3D images to still accurately 
describe electrode behaviors. In fact, the RVE method is widely employed to model the 
mechanical characteristics of composite materials [116–118], but has only gained interest 
from the energy field recently. For example, RVE has been employed to investigate the 
microstructures and effective transport properties in solid oxide fuel cells [119–122]. 
Additionally, Shearing et al. [53] have utilized the RVE concept for studying graphite 
electrodes by reconstructing the real 3D morphology using XCT. The authors have analyzed 
the electrode porosity and solid matrix volume specific surface for sub-volume of the sample 
to achieve minimum RVE size.  
In the chapter 3, we developed a multi-scale model consisting of both micro and macro 
scale models to investigate the discharge behavior of LiFePO4 (LFP) electrodes [10]. For the 
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microscale, we reconstructed the 3D electrode morphology using nano-XCT, while for 
macroscale, the galvanostatic discharge behavior was simulated by employing the 
homogenization theory and Newman psedudo-2D model [30,31]. The multi-scale model, 
which included the real 3D morphology of the electrode, was an improvement over the 
Newman pseudo-2D  model, whereas the present RVE model is an advancement over the 
single-particle model [123,124], which allows the formation of a computationally efficient 
framework for including reconstructed three-dimensional morphology of the electrode. The 
RVE model is developed with the notion of replacing the single-particle geometry with a RVE 
obtained from XCT imaging. In addition, the RVE model can be considered as a simplification 
of our previously reported multi-scale model where for RVE model, the local lithium-ion 
concentrations inside the electrolyte is neglected and a solution resistance term is used instead 
to account for the electrolyte resistance. Moreover, the electric potential variations inside the 
solid matrix is also be neglected, which makes the model applicable for thin electrodes 
subjected to low to medium current rates. This model accounts for the diffusion of lithium-
ions inside and between the active materials. The 3D morphology of the electrode is 
reconstructed using a Simpleware 7.0 and COMSOL Multiphysics® 5.0 is employed to 
simulate the LIB performance.  
4.2 Nano-XCT imaging  
LFP electrode samples have been recovered from a LFP/graphite pouch cell for nano-XCT 
imaging. The cell was opened in a sealed glove box filled with argon where the oxygen and 
water level were kept below 0.5 ppm. The electrode aluminum foil was delaminated by 
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soaking the sample in a 6.0 M KOH solution since aluminum interferes with X-ray imaging. 
The acquisition of a tomogram was conducted using Transmission X-ray Microscope (TXM), 
the new nano-tomography instrument of sector 32-ID-C at Advanced Photon Source, Argonne 
National Laboratory [59]. The radiographs were acquired in the absorption mode using an 8 
keV monochromatic beam. The tomographic images were obtained by rotating the sample 
180° using a step scan increment of 0.5° and the exposure time of 1 second at each increment. 
The X-ray objective lens used to magnify radiographs was a 60 nm outermost zone width 
Fresnel zone plate, providing a spatial resolution of 60 nm. The 3D reconstruction was 
performed with Tomopy, an open source platform for the synchrotron tomographic data 
analysis [125,126]. The reconstructed volume represents voxel of 58 nm3 after binning. 
Subsequently, ScanIP 7.0 was used to perform segmentation of each individual reconstructed 
slice to extract the final 3D morphology of the solid matrix. 
 Fig. 4-1 shows the morphology of the LFP electrode consisting of nano-particles 
revealed by SEM (Fig. 4-1a), and the reconstructed 3D microstructure obtained using nano-
XCT imaging (Fig. 4-1b). Because of the low X-ray absorption of the polyvinylidene fluoride 
(PVDF) binder and conductive carbon, they are indistinguishable from the pore phase by 
single run of imaging. As such, the polymer binder and carbon additives are not distinguished 
from the active material in the present study. Alternatively, one can assume that relatively 
much lower percentages of binding and carbon additives are randomly distributed among the 
active material [10,66,99] and form an integrated solid matrix. To simulate this, a close image 
processing algorithm in ScanIP was employed on the active material region to guarantee the 
connectivity of neighbor particles. This also provides the possibility of lithium-ion diffusion 
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between two neighboring particles, unlike in Newman type models where the lithium-ions are 
imprisoned inside the particles. Although not all of active particles may be in perfect contact, 
we have assumed that very particle is in perfect contact which eliminates any diffusion intra-
resistance. On the other hand, the average particle size of LFP is 37 nm which is below the 
resolution of the XCT (60 nm). Therefore, it is impossible to capture individual particles, and 
rather images cluster of LFP particles, which justifies our assumption of fusion of neighboring 
particles. This means that the 3D solid matrix shown in Fig. 4-1b consists of LFP, PVDF, and 
conductive carbon. More detailed description of segmentation and reconstruction of the 3D 
microstructure can be found in our previous publication [10]. 
 
Figure 4-1. (a) Typical morphology of the LFP electrode revealed by SEM, and (b) the 
reconstructed 3D electrode microstructure obtained by nano-XCT imaging 
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4.3 Modeling and Computer Simulation 
4.3.1 RVE selection 
Assuming that the LIB electrodes are a periodic material, the RVE of a LIB electrode is a 
subdivision volume over which a measured property can be considered as a representative 
value for the whole electrode. In our model, the electrode properties of interest for the 
determination of an appropriate RVE size are the electrode porosity and volume specific 
surface area which is the ratio of solid/electrolyte surface area to electrode volume. Table 4-
1 shows sample volume specific surface area and porosity of a cubic RVE subdivision of 
different sizes. The domain porosity is around 0.4. For a RVE size of 850 nm and larger, the 
porosity of the subdivisions lies within 2 % of the whole sample porosity. Moreover, the 
electrode volume specific surface area is 3.3 (1/μm), thereby remaining within 7% of the 
domain volume specific surface area for volumes sizes of 850 nm and larger. Therefore, the 
smallest appropriate RVE of the electrode is selected as 850 nm size. This calculation is based 
on the selection of subdivision volumes from one corner of electrode sample. To reduce the 
error associated with the selection of specific sample region in the electrode position, in the 
present study we have selected a volume with side length of 3000 nm (see Fig. 4-2) as 
electrode RVE and model geometry although we could have chosen the smallest RVE size 
(i.e. 850 nm). 
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Table 4-1. The electrode porosity and the solid matrix volume specific surface area represented 
in a RVE with different sizes 
Cube size (𝑛𝑚) Porosity, 𝜀 
Volume specific 
 surface area, a (𝜇m)-1 
283 0.54 4.85 
425 0.35 5.35 
849 0.38 3.71 
1132 0.42 3.79 
1698 0.39 3.75 
2264 0.42 3.63 
2830 0.42 3.46 
3396 0.43 3.27 
3962 0.47 3.28 
4528 0.43 3.27 
5094 0.41 3.34 
5660 0.41 3.32 
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Figure 4-2. The 3D morphology of the electrode microstructure of the RVE model selected from 
the reconstructed solid matrix by nano-XCT  
4.3.2 Governing equations 
The governing equation used in this study are the conservation of mass and intercalation 
kinetics. As mentioned previously, the variations of lithium-ion concentration and electric 
potential inside the electrolyte are neglected and electrolyte polarization is included by a 
lumped constant electrolyte resistance parameter. In addition, the electric potential gradient in 
the solid phase of the electrodes is neglected. In the RVE model, the diffusion inside the solid 
matrix is modeled by Fick’s mass transport law as [10,66]: 
 
𝜕𝑐1
𝜕𝑡
= ∇. (𝐷1∇𝑐1) (4-1) 
 
Where, 𝑐1 is the concentration of lithium-ion in the RVE, 𝐷1 is the lithium diffusivity in the 
solid matrix, and ∇ operates on the spatial coordinates. To distinguish different regions in the 
3 µm 
3 µm 
3 µm 
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porous electrode, subscripts 1 and 2 are utilized to represent the solid matrix and electrolyte, 
respectively. The boundary condition for eq. (4-1) at the solid/electrolyte interface is [10,66]: 
𝑗𝑛 = −𝐷1∇𝑐1,𝑠. 𝑛 (4-2) 
Where, 𝑗𝑛 is the normal component of lithium-ion mass transfer flux at the solid/electrolyte 
interface caused by the electrochemical reaction, s refers to the solid/electrolyte boundary, 
and n is the boundary interface normal unit vector, pointing toward the electrolyte. A 
symmetric boundary condition is applied on all other surfaces. 𝑗𝑛 at the solid/electrolyte 
boundary is depended on applied current density as: 
 𝑗𝑛 =
𝑖𝑙𝑜𝑐
𝐹
=
𝑖𝑎𝑝𝑝
𝐹(1 − 𝜀)𝑎𝐿
 (4-3) 
 
where, 𝑖𝑙𝑜𝑐 is local current density at the interface, 𝑖𝑎𝑝𝑝 is the applied current density on the 
cell level, F is Faraday’s constant, 𝜀 is the electrode porosity, a is the specific surface area of 
the interface per volume of the solid phase, and L is the electrode thickness. The local state of 
charge (SOC) for the solid matrix can be estimated by: 
 𝑆𝑂𝐶 = 1 −
𝑐1
𝑐𝑚𝑎𝑥
 (4-4) 
Where, 𝑐𝑚𝑎𝑥  is the maximum concentration of lithium inside the active material. Rate of 
intercalation reaction is obtained using Butler-Volmer electrochemical kinetics relation [127]: 
 
𝑗𝑛 =
𝑖𝑙𝑜𝑐
𝐹
=
𝑖0
𝐹
(𝑒𝑥𝑝 (
𝛼𝐹
𝑅𝑇
(𝜙1 − 𝑈)) − 𝑒𝑥𝑝 (−
(1−𝛼)𝐹
𝑅𝑇
(𝜙1 − 𝑈)))  (4-5) 
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where, 𝛼 is charge transfer coefficient, R is the universal gas constant, T is temperature, 𝜙1 is 
the electric potential in solid matrix, and U is the open circuit potential and 𝑖0 is the exchange 
current density, which is defined as [127]: 
  𝑖0 = 𝐹𝑘0(𝑐2)
𝛼(𝑐𝑚𝑎𝑥 − 𝑐1,𝑠)
𝛼
(𝑐1,𝑠)
𝛼 (4-6) 
 
Where, 𝑘0 is rate constant of the reaction, 𝑐2 is concentration of lithium-ion in electrolyte 
which we considered it as a constant in this study. To enhance model numerical efficiency, 
the Butler-Volmer relation can be expressed using inverse hyperbolic function which results 
in following relation for calculating 𝜙1:  
 
𝜙1 = 𝑈 +
𝑅𝑇
𝛼𝐹
𝑎𝑠𝑖𝑛ℎ (
𝑖𝑙𝑜𝑐
2𝑖0
) 
(4-7) 
By neglecting the solid phase potential gradient, the electrode potential, V, is obtained by 
averaging the 𝜙1 on the solid/electrolyte interface as: 
 
𝑉 =
∫ 𝜙1 𝑑𝑠𝑠
∫ 𝑑𝑠
𝑠
 
(4-8) 
At the lithium counter electrode, 𝑉 = 0. Therefore, the half-cell voltage can be determined by: 
 
𝐸 = 𝑉 − 𝑖𝑎𝑝𝑝𝑅2 (4-9) 
Where, 𝑅2 is the electrolyte resistance parameter that express the potential drop inside the 
electrolyte between positive and negative electrodes. Here 𝑅2 is an adjustable parameter that 
is set by comparing simulation results with experimental data [123,128]. At each time step 
four variables, 𝑐1, 𝑖0, 𝜙1, E, are updating through equations 1, 6, 7, 9 and U through the last 
row in Table 4-2. Fig. 4-2 illustrates the modeling solution algorithm. 
 68 
 
The final issue to complete modeling development is to specify LFP solid state diffusivity, 
(DLFP) where its phase change needs to be considered. In modeling LIBs electrodes, all the 
intercalation based chemistry share a common modeling platform to simulate electrode 
performance; The unique features of each chemistry is included by varying physical and 
electrochemical properties. However, LFP deviates from this usual approach since it 
experiences phase change with the formation of two separate lithiated and unlithiated phases, 
as proved by X-ray diffraction  [104]. Srinavasan et al. first incorporated the phase change of 
LFP using the shrinking core concept [32]. The core-shell model assumes that in a spherical 
particle, two lithiated and unlithiated phases co-exist where one phase is enclosed with the 
other phase in a structure similar to a core-shell; As lithium-ions transfer inside the shell, the 
boundary between two phases moves in the radial direction. The accuracy of core-Shell model 
has been questioned [34,105,106] and also been shown to be incompatible with experimental 
observations [107]. In the present study, to include LFP phase change, we employed the 
variable solid-state diffusivity model [33,34,105] wherein phase change is modeled by using 
a thermodynamic factor 𝛾 as: 
 𝐷1 = 𝐷𝐿𝐹𝑃𝛾 (4-10) 
 
𝛾 is calculated based on the open circuit potential 𝑈, and 𝑆𝑂𝐶 using: 
 𝛾 =
𝐹
𝑅𝑇
𝑆𝑂𝐶(1 − 𝑆𝑂𝐶)
𝜕𝑈
𝜕𝑆𝑂𝐶
 (4-11) 
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Figure 4-3. RVE model algorithm wherein the updating state variable is shown in red. 
4.4 Experimental 
In order to validate the model, coin cells were made using the LFP electrode from the same 
commercial pouch cell. Commercial cathodes have slurry coating on two sides of current 
collector, so the coating on a side was delaminated by a cotton wipe immersed in 1-methyl-2 
pyrolidinone (NMP). The electrode was then punched in a circular area of 1.13 cm2 and 
assembled into a coin half-cell (LIR2032-type) inside the glove box. The electrode coin half-
cells were made using lithium metal as the counter electrode and (Celgard 2500) as a separator. 
A solution of 1.0 M lithium hexafluorophosphate (LiPF6) salt in the 1:1 (v/v) ethylene 
carbonate (EC): diethyl carbonate (DEC) was utilized as electrolyte. Coin cells were tested on 
the (Neware CT-3008-5V10 mA) battery cycler. All coin cells are first cycled five times to 
gradually form the solid-electrolyte interphase (SEI) layer on the surface of the electrode. The 
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formation stage is performed using a constant-current–constant-voltage CCCV method at C/5. 
The cells are first charged on CC from 2.5 to 4.2 V and then are charged again on CV of 4.2 
until the current falls below C/25 to guarantee that the electrode returns to a completely 
charged condition. The charging follows 30 minutes rest interval, and then cells are discharged 
on CC from 4.2 to 2.5 V. We obtained the open circuit potential of the half-cell by discharging 
a totally charged half-cell at very low current (C/50). Low current keeps cell polarizations 
small and provides a good approximation for the open circuit potential. The rate-capability 
results were obtained by galvanostatically charging/discharging the coin cells at different C-
rates.  
4.5 Results and Discussion 
We have simulated the galvanostatic discharge process of the half-cell based on the 
reconstructed structure of the LFP electrode and have developed modeling platform. The 
material properties, operation conditions, and model parameters are shown in Table 4-2. The 
diffusion coefficient, 𝐷𝐿𝐹𝑃 is considered as a model adjustable parameter and determined by 
fitting the model to experimental discharge curve corresponding to a low-rate condition 
[32,34]. The discharge curve at C-rate=0.1 was used as the base case to fit the model to 
experiment data. The value of 1.2 × 10−14 m2/s provided the best-fit and was used for the C-
rates>0.1 to predict the galvanostatic discharge. The obtained 𝐷𝐿𝐹𝑃 is almost five orders of 
magnitude greater than what is commonly utilized in spherical-particle models [33,34]. This 
value agrees very well with recent experimental data reported in the literature, confirming 
extremely fast lithium-ion diffusion within LFP particles with 𝐷𝐿𝐹𝑃 in the range of 10
−13 to 
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10−15 m2/s [129,130]. Based on a single-particle model, the electrode is assumed to consist 
of single-sized nano-scale spherical particles. However, the real electrode structure includes a 
range of particle sizes ranging from tens of nano-meters to micro meters. As a result, to 
simulate the performance, the single-particle model requires an invalid (very small) diffusion 
coefficient to adjust the unrealistic assumption of structure morphology. On the other hand, 
RVE model includes the reconstructed heterogeneous structure of the electrode obtained from 
XCT. The structure consists of bi-continuous network of particles cluster with various sizes 
and morphologies. Therefore, the diffusion coefficient obtained for RVE model is in 
agreement with the recent experimental measurement. For example, Munakata et al. [129] 
used a single micro-size LFP secondary particle to investigate the lithium-ion diffusion 
coefficient. The secondary particle was composed of primary nano-size particles. The particle 
was connected to a micro Pt electrode in an electrolyte solution using a micromanipulator 
under optical microscope visualization. Then a galvanostatic charge/discharge process was 
conducted to characterize electrochemical performance. The lithium-ion diffusion coefficient 
in the particle was found to be 2.7 × 10−13 m2/s which is in a good agreement with 1.2 × 10−14 
m2/s in this study. 
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Table 4-2. List of model parameters [10]. 
Parameter Description Value 
A  Area of the electrode 1.13 cm2 
𝐿 Positive electrode thickness  50 𝜇m 
ε Porosity of positive electrode   0.4 
𝐷𝐿𝐹𝑃 Solid matrix diffusion coefficient  1.2 × 10
−14 m2 s-1 
𝑘0 Reaction rate constant in positive 
electrode 
2.5 × 10−13 
mol m−2s−1(mol m−3)−1.5 
𝛼 Charge transfer coefficient  0.5 
𝑐𝑖𝑛𝑖 Salt concentration in the electrolyte 1000 mol m
-3 
𝑐𝑚𝑎𝑥 Maximum Lithium concentration in 
the LFP particles 
22800 mol m-3 
𝑇 Cell Temperature 298 K 
𝑅2 Electrolyte resistance parameter 2.7 × 10
−3  Ω m2 
𝑈 Open circuit potential of LFP  𝑈
= 3.382 + 0.00470 (1 − 𝑠𝑜𝑐)
+ 1.627exp(−81.163 (1
− 𝑠𝑜𝑐)1.0138) + 7.6445
× 10−8exp(25.36 (1 − 𝑠𝑜𝑐)2.469)
− 8.4410 
× 10−8exp(25.262 (1 − 𝑠𝑜𝑐)2.478) 
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Figure 4-4. Comparison of the RVE modeling (line) and experimental (dots) results for the coin 
half-cell based on the LFP electrode tested at varying discharge rates. 
Fig. 4-4 shows the galvanostatic discharge curves obtained at different rates based on 
the simulation using the RVE model. The experimental data was obtained from the coin cell 
performance data. The model describes the discharge behavior of LFP electrode accurately up 
to C-rate of 1.0. It should be noted that the main advantage of using nano-XCT to reconstruct 
the morphology of the electrode in the present work is the capability to capture a 
heterogeneous lithium-ions distribution inside the electrode solid matrix. Newman type 
models [31,34,78,127] which are based on isotropic, homogeneous spherical particles have 
proven to be successful and computationally efficient for modelling battery performance. 
However, the assumptions that the model makes are not reasonable for electrodes comprised 
of heterogeneous, non-isotropic particles with different particle shapes and sizes. On the other 
hand, nano-XCT based RVE modeling presented in this study uses a framework which 
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simulates the real electrode morphology to accurately account for the heterogeneities inside 
the electrode microstructure. 
Fig. 4-5 shows the concentration of lithium-ion inside the electrode solid matrix 
obtained at different state of charges (SOCs) during galvanostatic discharge at C-rate of 1.0. 
As mentioned above, a symmetric boundary condition is applied on all 6 sides of the RVE 
and the lithium-ions can diffuse inside the RVE at the solid matrix and electrolyte interface. 
In addition, lithium is free to diffuse between the neighboring particles unlike the Newman 
type models wherein they are trapped in one-dimensional spherical particles. During 
galvanostatic discharge, the lithium-ion concentration gradually increases until it reaches the 
maximum local concentration of 22,800 mol/m3 which corresponds to the cut-off voltage of 
2.5 V. The concentration (mol.m-3) distributions are better illustrated with cross-sectional 
contour plots along the direction of the electrode’s thickness as demonstrated in Fig. 4-6 (The 
distance between each cross section is 1 µm). Fig. 4-6 shows that at any given SOC, the 
concentration of lithium-ion is relatively elevated in two regions: one with smaller cross-
sectional area normal to the diffusion path of lithium, and the other with higher surface area 
exposed to the electrolyte. The observed non-uniform distributions of lithium-ion 
concentration are different from those of the spherical particle models, which commonly show 
a gradual increase of the concentration from the particle center to the particle surface. 
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Figure 4-5. The lithium-ion concentration (mol m-3) inside the electrode microstructure obtained 
at different SOCs during galvanostatic discharge at C-rate of 1.0. 
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Figure 4-6. The lithium-ion concentration (mol m-3) inside the electrode microstructure obtained 
at three different 2D projecting radiographs along the direction of the electrode’s thickness 
during galvanostatic discharge at C-rate of 1.0. 
The capability of the model to show the heterogeneous microstructure of the electrode 
can be demonstrated by comparing the lithium-ion concentration histograms obtained using 
both the RVE and single-particle models [123,128]. Fig. 4-7 shows the histograms of the 
lithium-ion concentration obtained at different SOCs during discharge at C-rate of 1.0 using 
the RVE model. The concentration is distributed in the range from 3,000 to 6,000 mol/m3 at 
SOC=95%, 6,000 to 14,000 at SOC=50%, 12,000 to 18,000 at SOC=25%, and 17,000 to 
22,500 at the end of discharge. The histograms obtained using the single-particle model,  
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Figure 4-7. Histograms of the lithium-ion concentrations obtained at different SOCs inside the 
electrode’s microstructure using the RVE model during galvanostatic discharge at C-rate of 1.0. 
shown in Fig. 4-8, is based on the average particle size of 37 nm [33] with all other parameters 
used the same as the RVE model except 𝐷𝐿𝐹𝑃 which is found to be 1.3 × 10
−19 m2/s through 
single-particle model/experiment comparison. The lithium-ion concentration obtained using 
the single-particle model is shown to be distributed in the range from 3,680 to 3,715 mol/m3 
at SOC=95%, 13,689 to 13,697 at SOC=50%, 18,146 to 18,153 at SOC=25%, and 22,472 to 
22,479 at the end of discharge. The wider ranges of lithium concentration observed at different 
SOCs obtained using the RVE model compared to the single-particle model clearly show that 
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the RVE model is capable of simulating the inherent heterogeneity inside the electrode’s 
microstructure more accurately. The inhomogeneous distribution of lithium inside the 
electrode structure has been reported in recent in-situ TXM measurement [131]. 
 
Figure 4-8. Histograms of the lithium-ion concentrations obtained at different SOCs inside the 
electrode’s microstructure using the single-particle model during galvanostatic discharge at C-
rate of 1.0. 
4.6 Conclusions 
In this chapter, a computationally efficient three dimensional RVE model has been 
successfully developed and validated to accurately predict LIB electrode performance at 
 79 
 
different operating conditions. Unlike other LIB models, the real morphology of electrode has 
been reconstructed by nano-XCT imaging technique, effectively capturing inhomogeneities 
in the electrode microstructure. The model takes advantage of computational efficiency of the 
single-particle model, while simultaneously utilizing 3D electrode microstructure as the real 
geometry. The demonstration of the model and its advantages are discussed for a common 
LIB electrode consisting of nano-particle LFP active material. Unlike commonly used lithium-
ion diffusion coefficient that are in the order of 10−19 in spherical particle models, this value 
is found to be 1.2 × 10−14 m2/s based on the current model, which is consistent with recently 
reported experimental data ranging from 10−13 to 10−15 m2/s. The simulation results are in 
good agreement with the discharge profile of LFP cathode at various discharge rates, which 
have been validated with experimental data. The simulation shows that at any given SOC, the 
lithium-ion concentration is elevated in the regions with smaller cross-sectional area 
perpendicular to the diffusion path in the active material and in the region with higher surface 
area exposed to the electrolyte. Moreover, the distribution of the lithium-ions in RVE is 
demonstrated to be wider than that of the single-spherical-particle model due to the inherent 
heterogeneous microstructure. This RVE model opens up many possibilities for future studies 
of scaled-up battery-cells, battery-packs simulations, as well as thermal and stress studies 
where the spatial distribution of temperature and intercalation induced stress in the 
microstructures can be evaluated during battery operation. 
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5. Morphological and electrochemical characterization of a 
nanostructure Li4Ti5O12 electrode using multiple imaging 
mode synchrotron X-ray computed tomography  
This chapter is reprinted in adopted form (from two papers) with permission from 
Electrochimica Acta and Journal of the Electrochemical Society: 
A.G. Kashkooli, G. Lui, S. Farhad, D. U. Lee, K. Feng, A. Yu, Z. Chen, Nano-particle size 
effect on the performance of Li4Ti5O12 spinel, Electrochimica Acta 2016, 196, 33–40. 
A. G. Kashkooli, E. Foreman, S. Farhad, D. U. Lee, K. Feng, G. Lui, V. D. Andrade, Z. Chen, 
Morphological and electrochemical characterization of a nanostructure Li4Ti5O12 electrode 
using multiple imaging mode synchrotron X-ray computed tomography, Journal of the 
Electrochemical Society, 2017, 164 (13), A1-A11. 
5.1 Introduction 
As shown in chapters 3 and 4, application of tomographic techniques, specifically X-ray 
tomography (XCT) [89,132,133] have provided the microstructure details required for LIBs 
research. A realistic 3D reconstruction of the LIB porous electrode needs to distinguish three 
domains: active material, carbon-doped polymer binder domain (CBD), and pore domain. X-
ray attenuation is a function of atomic number and density of material. Using nano-XCT, LIB 
electrodes can also be scanned using two different imaging modes: 1) absorption contrast, 
where contrast is generated by X-ray absorptivity of the sample; 2) Zernike phase contrast, 
where the contrast is occurred by phase shift of the X-ray passing through the sample [134]. 
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Therefore, absorption contrast can capture only highly-attenuated cathode active material 
while leaving the remainder of volume as combination of pore domain and CBD. Lack of 
CBD in absorption contrast images causes discontinuity within electrode solid domain [135], 
which significantly decrease the accuracy of solid domain transport properties estimation such 
as tortuosity [98,136]. On the other hand, using Zernike phase contrast, active materials are 
imaged along with the CBD [98]. Zernike phase contrast is typically employed to image low-
attenuation, low atomic number materials commonly used in the LIB such as graphite and 
polymer binder [134,137]. As X-ray penetrates the sample both amplitude reduction (active 
material imaging) and phase change (CBD imaging) of beam occurs resulting in attenuation 
and refraction of the X-ray. Thereby, the Zernike phase contrast guarantees a connected 
electrode solid domain comprising percolated network of active materials surrounded by CBD 
which is suitable for the simulation investigations.  
As mentioned previously, traditional models describe LIB electrodes as macro-
homogeneous, isotropic porous medium using scalar properties such as particle size, porosity, 
diffusivity, and conductivity [12,30,78]. Electrode tortuosity is usually used to include 
decrease of the effective transport properties due to geometric complexity inherent to porous 
media. The most common approach to calculate tortuosity is Bruggeman relation [138]: 
 𝜏 = 𝜀1−𝛼 (5-1) 
Where describe tortuosity 𝜏 as a function of porosity 𝜀 and the Bruggeman exponent. The 
value of 𝛼 = 1.5 has been widely used in macro-homogeneous models to calculate effective 
diffusivity and conductivity. The value was originally obtained from the transport study of a 
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porous medium consists of equally sized sphere pores [139]. The validity of Bruggeman 
relation with 𝛼 = 1.5 is controversial; Regarding nano-particle LIB electrode, Thorat et al. 
used AC impedance and current interrupt experimental methods to investigate tortuosity-
porosity of LiFePO4 (LFP) electrode [140]. They showed that Bruggeman exponent accurately 
predict the tortuosity of solid domain, while predict the pore domain tortuosity smaller by 
factor of 2. Conversely, using heat-mass transport analogy simulation, Ender et al.  showed 
that LFP electrode pore domain tortuosity agrees quite well with Bruggeman relation [141], 
whereas the solid domain tortuosity is found to be two times the one predicted by Bruggeman. 
Cooper et al.  measured the pore domain tortuosity by heat transport simulation and showed 
that Bruggeman underestimates the tortuosity of LFP electrode [63]. They showed that 
tortuosity is highly dependent on the direction considered and should be considered as a vector 
rather than a scalar. We also reconstructed the 3D morphology of the LFP solid domain using 
nano-XCT and presented directional tortuosity of the electrode structure [10]. Moreover, the 
estimated tortuosities were employed to simulate the electrochemical performance of the 
electrode at higher length scale in a multiscale modeling framework. Recently, the Shearing 
group provided a great review on the origin and limitations of the Bruggeman relation and 
compared several studies on the tortuosity-porosity correlation [142]. They concluded that the 
Bruggeman equation provide better results when applied to media with sphere or cylinder 
particles, while special considerations are needed for more complex geometries. 
Performance can be sufficiently predicted based on effective transport properties using 
the tortuosity concept, as in macro-homogeneous models. However, the inclusion of the real 
electrode 3D structure is required to predict electrode degradation since failure depends on 
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local inhomogeneities [8]. XCT has enabled the analysis of electrode’s local structural effects 
on physical and electrochemical property distributions. For instance, transport and 
electrochemical properties within the electrode structure are estimated during battery 
charge/discharge. Generally, the distribution of these properties are heterogeneous because 
the electrode structures are heterogeneous [11,66,143], however, the link between XCT data 
and performance effectively allows quantification of these heterogeneities inside the 
electrodes. 
Herein, we present, to the authors’ knowledge, the first 3D microstructural study of 
Li4Ti5O12 (LTO) electrode based on multiple imaging mode synchrotron nano-XCT data. LTO 
is regarded as one of the promising candidate for the anode of the LIB [144,145]. To overcome 
its inherent low conductivity and sluggish lithium diffusivity, nano-structuring has been 
proven to be a viable approach [12]. However, it causes a marked challenge for 
microstructural imaging due to a high resolution requirement (below 100 nm) [10,63]. For 
this, synchrotron transmission X-ray microscopy (TXM) with a spatial resolution of 58 nm3 
at the Advanced Photon Source (APS) of the Argonne National Laboratory (ANL) is 
employed. The data is obtained in both absorption contrast and Zernike phase contrast. While 
the absorption contrast is used to study morphological characteristics of primary and 
secondary active material particles, Zernike phase contrast is combined with absorption 
contrast to resolve the CBD within the electrode structure. Cooper et al. imaged a nano-
particle LFP cathode with nano-XCT and explored the microstructural heterogeneity within 
the 3D reconstructed pore domain based on the tortuosity calculations [63]. Similarly, we have 
employed absorption and Zernike phase contrast reconstructed structures as the foundation to 
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determine the electrode tortuosity for pore and solid domains, respectively. The geometrical 
and transport based tortuosity are estimated which sheds light into the complex anisotropic 
nature of heterogeneous electrodes. In addition to tortuosity, the effects of local 
microstructural heterogeneity on the physical and electrochemical processes occurring during 
cell operation have been investigated. For this, galvanostatic discharge performance of the 
LTO half-cell electrode is simulated based on our recently published work, representative 
volume element (RVE) model, developed for LIB [11]. Nano-XCT simulation studies 
typically use absorption contrast 3D reconstructed as the model geometry [10,66]. As 
mentioned, CBD cannot be distinguished from pore domain in absorption contrast which may 
lead to isolated active material particles. Image processing techniques are usually employed 
to merge the active materials together and form an integrated solid domain required for 
continuum simulations [10,63,66]. However, Zernike phase contrast geometry employed in 
the current model, provides a united percolated network of active materials and CBD which 
eliminates the 3D reconstruction error. Our previous RVE model [11] is improved further by 
incorporating the charge transport within the microstructures to the governing equations. The 
model includes conservation of mass and charge within solid domain plus the electrochemical 
kinetics and is validated with the experimental data obtained from half/coin-cell performance. 
The model does not consider the local variation of lithium-ion concentration inside the 
electrolyte, instead, an electrolyte resistance term is employed to account for the electrolyte 
resistance.  
This chapter is organized as follows: first, LTO synthesis and characterization methods 
are described. Then, the electrode fabrication and imaging techniques used to obtain 3D 
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reconstructed electrode morphology are discussed. Then, the FEM basis for calculating 
tortuosity using heat and mass transport analogy is reviewed. Then, the modeling development 
including RVE selection, followed by the governing equations used to simulate 
electrochemical performance are presented. Finally, the simulation results are demonstrated 
and discussed with concluding remarks. 
5.2 Experimental 
5.2.1 Synthesis of Li4Ti5O12 
Direct synthesis of monodispersed LTO particles is difficult due to methods by which they 
are synthesized [146–148]. Hydrothermal and solid-state methods often lead to particle 
agglomeration or sintering, which increases the complexity and reduces the reliability of a 
model for such a system [20,149]. We have found that the simplest and most reliable route for 
LTO synthesis would be a two-step process: 1) synthesis of monodisperse TiO2 particles; and 
2) solid-state conversion of TiO2 to LTO particles using carbon as a means of blocking Ti 
diffusion and suppressing TiO2 sintering, thereby maintaining individual particle morphology 
[150] .  
Almost monodispersed LTO nanoparticles were synthesized as outlined in the literature 
[151]. In a typical synthesis, 0.4 mL 0.1 M KCl solution was added to 100 mL ethanol. 2.5 
mL titanium butoxide was added to the solution and stirred for 10 minutes. The solution was 
then aged at ambient temperature for 18 hours to form TiO2 nanoparticles. After aging, the 
nanoparticles were centrifuged and washed several times with de-ionized water and ethanol 
before drying overnight at 60°C. In order to aid the conversion of TiO2 to LTO, the TiO2 nano-
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particles were heat treated to 500°C at 1°C min-1. This brief heat treatment was used to form 
crystalline anatase with a small domain size, which has been shown to reduce the onset 
conversion temperature to LTO and increase LTO purity [152].  
Both carbon-coating and conversion to LTO were achieved in a one-step pyrolysis 
reaction. TiO2 nanoparticles were first dispersed in an aqueous solution containing 10 wt% 
glucose and stirred at 70°C in a sealed container for several hours. After adequate mixing, the 
solution was dried in an oven at 80°C to form a light brown powder. The nanoparticles were 
then thoroughly mixed with lithium carbonate in a molar ratio of 1:1.03 and heated to 800°C 
for 6 h in Ar atmosphere to achieve carbon-coated LTO nanoparticles.  
5.2.2 Characterization 
The morphology and crystal structure of all materials were confirmed using field-emission 
scanning electron microscopy (FESEM, Zeiss ULTRA Plus; 10 kV acceleration voltage), X-
ray diffraction (XRD, Bruker AXS D8 Advance), and Raman spectroscopy (Bruker 
SENTERRA; 532 nm 20 mW laser). The morphology of LTO nano-particles has been 
confirmed using SEM. The images show a narrow particle size distribution with a diameter of 
250 nm (Fig. 5-1 a, b). The crystallinity and phase of the nano-particles have been confirmed 
using XRD and Raman characterizations. The XRD pattern confirms a pristine spinel phase 
Li4Ti5O12 [144], (see Fig. 5-1c). Raman spectrum shows typical vibration modes of spinel 
phase LTO with the addition of characteristic D and G bands that correspond to graphitic 
carbon which have formed during the second stage of LTO synthesis [153], see (Fig. 5-1d). 
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Figure 5-1. Characterization of as-synthesized LTO nanoparticles. (a), (b) SEM image of LTO 
nanoparticles, (c) XRD and (d) Raman spectra of LTO material. 
5.2.3 Cell fabrication 
The experimental performance of the LTO nanoparticles was determined by fabricating coin 
half-cells. An electrode slurry containing LTO was created using Super-P carbon black as the 
conductive additive, Polyvinylidene fluoride (PVDF) as the binding agent, and 1-methyl-2 
pyrolidinone (NMP) as the solvent. The ratio between LTO, Super-P, and PVDF was 90:5:5. 
The slurry was then cast on a Cu foil current collector using a doctor blade and dried overnight 
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in a vacuum oven at 100°C. Four coin half-cells were fabricated to determine electrochemical 
performance of the electrodes. All the cells were fabricated in identical condition to assure the 
repeatability of the results. The coin cells utilized a lithium-foil as the reference/counter 
electrode, a Celgard 2500 as separator, and a 3:7 (v/v) ethylene carbonate and dimethyl 
carbonate organic solution containing 1 M hexafluorophosphate (LiPF6) as electrolyte. Coin 
cells were assembled in an argon-filled glove box (H2O < 0.5 ppm, O2 < 0.5 ppm). Charge-
discharge cycling was conducted using a NEWARE BTS-5V 10 mA battery testing station. 
All cells were cycled at C rates ranging from 0.2 C to 5 C (theoretical capacity of LTO, C = 
175 mAh/g) within a voltage window of 1.0-2.5 V. 
5.2.4 Nano-XCT 
The samples for X-ray imaging were obtained by dissolving electrode’s copper foil in nitric 
acid. Since copper influences the X-ray attenuation, the current collector needed to be 
delaminated. Synchrotron radiation nano-XCT was conducted using Transmission X-ray 
Microscope at Advanced Photon Source (APS), Argonne National Laboratory (sector 32-ID-
C) [59]. Tomographic data was obtained using an 8 keV monochromatic beam. The 
tomographic images were obtained by rotating the sample 180° using a step scan increment 
of 0.5° and the exposure time of 1 second at each increment. The X-ray objective lens used to 
magnify radiographs was a 58 nm outermost zone width Fresnel zone plate, providing a spatial 
resolution of 58 nm. The 3D reconstruction was performed with Tomopy, an open source 
collaborative framework for the analysis of synchrotron tomographic data [125,126]. The 
reconstructed volume represents voxel of attenuation coefficient with a width of 58 nm after 
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binning. The total number of virtual slices were 1024 with 58 nm cubic voxels resolution and 
field of view of 1024 × 1224 × 1224 voxels. The LTO sample was imaged using two imaging 
modes: absorption contrast and Zernike phase contrast.  
Image processing and segmentation of grayscale 3D image was achieved using the 
commercial software Simpleware. First, to reduce background image noise, a median filter 
with the cubic neighborhood radius of 3 pixels was applied. Median filters are effective to 
remove salt-and pepper noise and remove the outliers. It computes the value of each pixel as 
the statistical median of the neighborhood pixel around the corresponding pixel. Then, a mean 
filter with the cubic neighborhood radius of 1 pixel was applied for further noise reduction. 
The filter finds the value of each pixel by calculating the statistical mean of the neighboring 
pixels. Segmentation is achieved using binary thresholding. Unwanted noise and details was 
removed using a recursive Gaussian filter with cubic Gaussian sigma value of 1. Gaussian 
sigma is a parameter that determines how many neighboring pixels should contribute to the 
smoothing operation of corresponding pixel. The larger the sigma, the stronger the smoothing. 
To form a 3D pore network, a copy of the pore domain was created and then was inverted on 
all slices in the whole cubic domain. This is similar to the Boolean operation usually employed 
elsewhere, where the solid domain is subtracted from the cubic solid.  
Fig. 5-2a and 5-2b show two raw virtual slices obtained from absorption contrast and 
Zernike phase contrast modes, respectively. With relatively larger field of view of ~70 µm, 
and having small primary nano-particles, it is hard to differentiate various components such 
as active material and CBD in the virtual slices. Therefore, we zoomed on a smaller cubic 
region with the side of 10.4 µm3, to distinguish between absorption and Zernike phase contrast 
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images. Fig. 5-2c and 5-2d show cubic grayscale image of the electrode from reconstructed 
morphology based on absorption contrast and Zernike phase contrast, respectively (the cube 
side is 10.4 µm corresponding to 180 × 180 × 180 voxels). In absorption contrast, the white 
region represents the active material and black region shows the pores plus CBD (see Fig. 5-
2c), whereas in Zernike phase contrast, white region represents active material plus CBD and 
black region shows the pores (see Fig. 5-2d). Fig. 5-2e and 5-2f show binary segmented 
regions obtained from the absorption contrast and Zernike phase contrast modes, respectively, 
which are applied to the image processing steps described. As previously shown by Babu et 
al. [98] the active material and CBD could be separately resolved by combining absorption 
contrast and Zernike phase contrast images. As mentioned, in absorption contrast, solid 
domain comprises active material, whereas in Zernike phase contrast, it includes active 
material as well as CBD. To capture the CBD, absorption contrast image needs to be 
subtracted from Zernike phase contrast to eliminate the active material. Fig. 5-2g shows the 
segmented 2D tomogram of the LTO electrode. In this figure, the domains of the active 
material, CBD, and pore separated from each other can be easily distinguished. A 3D image 
of the electrode’s solid domain distinguishing active material and CBD is demonstrated in Fig. 
5-2h. In addition, Table 5-1 compares the volume fraction of different electrode phases 
obtained from XCT reconstruction and electrode fabrication. The electrode fabrication 
fraction were calculated based on the actual mass ratio (90:5:5) and material density (𝜌𝐿𝑇𝑂 =
3.5 𝑔/𝑐𝑚3, 𝜌𝐶𝐵 = 1.8 𝑔/𝑐𝑚
3, 𝜌𝑃𝑉𝐷𝐹 = 1.77 𝑔/𝑐𝑚
3 ) . The small deviation in volume 
fractions is attributed to XCT low resolutions wherein the structure sizes below 58 nm3 could 
not be captured. 
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Table 5-1. The volume fraction of different phases of the nanostructured LTO electrode based 
on the reconstruction data and the actual mass ratio. 
 XCT Electrode fabrication 
LTO  0.33 (absorption contrast) 0.35 
LTO+CBD 0.43 (Zernike phase contrast) 0.43 
CBD 0.10 0.08 
Pore  0.57 0.57 
The lack of CBD in absorption contrast images may cause isolated LTO particles. This 
can increase computational cost due to having multiple regions in solid domains. In the 
literature, a filter or a dilation function on the solid domain is commonly employed to preserve 
the domain connectivity [10,135] or alternatively, very low content of carbon black (3%) and 
binder (3%) are added to the electrode during fabrication to reduce the reconstruction error 
[154]. However, the Zernike phase contrast reconstructed structure used in this study, provides 
a united percolated network of active materials and CBD, suitable for the FEM simulation, 
(see Fig. 5-1e). This eliminates the error associated with the neglecting low density carbon 
and binder phase in synchrotron based FEM simulations. 
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Figure 5-2. Raw grayscale 2D morphology of the electrode obtained using a) absorption contrast, 
and b) Zernike phase contrast imaging modes. Reconstructed 3D microstructure c) absorption 
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contrast and d) Zernike phase contrast. Segmentation of the regions using e) absorption contrast 
(red: active material, light blue: pores plus CBD) and f) Zernike phase contrast (green: active 
material plus CBD, dark yellow: pores). Active material (red), CBD (dark gray) and electrolyte 
(light gray) are distinguished by combining absorption and Zernike phase contrast imaging 
modes: g) 2D tomogram and h) 3D reconstruction. 
5.3 Modeling  
5.3.1 Morphological and transport properties 
The original 3D reconstruction of the electrode sample was a non-cubic geometry that later 
was cropped to the largest possible cubic volume with the size of 260 × 800 × 800 cubic 
isotropic voxels corresponding to the overall volume of 29216 µm3. Various morphological 
characteristics are purely geometrical and do not require numerical simulation. We quantified 
morphological parameters including electrode porosity, 𝜀, volume specific surface area, 𝑎, 
and geometrical tortuosity, 𝜏𝑔𝑒𝑜𝑚, as morphological characteristics. The electrode porosity, 𝜀, 
and volume specific surface area, 𝑎, are critical input for macro-homogeneous models. In case 
of volume specific surface area, macro-homogeneous models usually use simplified geometry 
such as: single-sized and multi-sized spherical particles, or complex computer generated 
geometries. The volume specific surface area, then is estimated based on the assumed structure. 
For example, for spherical particles, the volume specific surface area of the electrode, can be 
computed by [30,127]: 
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 𝑎 =
3 (1 − 𝜀)
𝑅𝑠
 (5-2) 
Where, 𝑅𝑠, is the average particle size.   
For the transport properties estimation, to have a cubic geometry, a region with 180 × 
180 × 590 corresponding to 3730 µm3 was chosen (See Fig. 5-3 for the pore domain 
demonstration of the region). Although the selected region includes just 11% of the original 
image volume, this region is quite large (6 × 106 times larger) compared to the nano-size of 
active material particles. There are two types of tortuosity: 1) geometrical tortuosity, which is 
the ratio of the actual path length between two points to their Euclidean distance (straight line 
distance); 2) transport tortuosity, which accounts for the decrease of transport phenomena due 
to the geometrical complexity of pores network. Geometrical tortuosity is calculated by 
dividing the actual path length between two points by the straight-line distance. The average 
geometrical tortuosity in each direction is estimated by [141]: 
 𝜏𝑔𝑒𝑜𝑚 = 〈
min(𝐿)
𝐷
〉 (5-3) 
Where 𝜏𝑔𝑒𝑜𝑚 , is the average of the shortest centroid path length, L, through the 
microstructure divided by D, which is the straight-line distance. To obtain transport tortuosity, 
a FEM simulation on the pore and solid domains are performed, where the diffusion and 
conduction are described by Laplace equation: 
 ∇. (𝑘∇𝑇) = 0 (5-4) 
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In this equation, k is the transport coefficient (i.e. diffusivity or thermal conductivity or 
electrical conductivity) and T is the Temperature. Fig. 5-3 shows the reconstructed pore 
domain, based on absorption contrast, used for the transport tortuosity estimation. For each 
directional tortuosity, temperature is arbitrarily set as 0 and 1 at inlet and outlet faces of cubic 
domain and the heat flux is specified as zero at all other boundaries. From the simulation 
results, J, the area heat flux integral at the outlet or inlet boundary is calculated by: 
 𝐽 = ∫ 𝑘
𝜕𝑇
𝜕𝑥𝑖
𝑑𝑆
𝑆
 (5-5) 
Where, S is the outlet or inlet surface boundary and i is the coordinate direction. Then, 
the effective conductivity, 𝑘𝑒𝑓𝑓, can be calculated by: 
 𝑘𝑒𝑓𝑓 =
𝐽
𝐴
𝐿
∆𝑇
 (5-6) 
Where, ∆𝑇 is temperature difference considered at two opposite walls, which here it was 
set to 1, A is the cross section perpendicular to the heat transfer direction, and L is the distance 
between inlet and outlet boundary. Tortuosity is: 
 𝜏 =
𝜀 𝑘
𝑘𝑒𝑓𝑓
 (5-7) 
If we place equations (5-5) and (5-6) into eq. (5-7), the transport tortuosity can be 
calculated by: 
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𝜏𝑖 =
𝜀 𝐴
𝐿 ∫
𝜕𝑇
𝜕𝑥𝑖
𝑑𝑆
𝑆
 
(5-8) 
Eq. (5-8) shows that the transport tortuosity, 𝜏𝑖 , is not a function of thermal conductivity, 
k, and the tortuosity factor is the same for all transport phenomena including heat and mass 
transport. The same approach can be applied on the reconstructed solid domain which is not 
shown here. 
Macro-homogenous models commonly use the Bruggeman relation (see Eq. (5-1)) with 
𝛼 = 1.5 as the basis for calculating tortuosity. The Bruggeman equation is based on the 
transport study with the assumption of isotropic and homogeneous pore domain. This 
assumption provides one unique tortuosity for the whole electrode. To be able to compare the 
directional tortuosities obtained from 3D simulation to Bruggeman tortuosity, Cooper et al. 
[63] introduced a characteristic tortuosity 𝜏𝑐 as:  
 𝜏𝑐 = 3[𝜏𝑥
−1 + 𝜏𝑦
−1 + 𝜏𝑧
−1]
−1
 (5-9) 
Where, 𝜏𝑥, 𝜏𝑦, 𝜏𝑧 are directional tortousities. Cooper et al. [63] also suggested that 𝜏𝑐 can be 
used in the 1D micro-homogeneous model instead of Bruggeman tortuosity. 
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Figure 5-3. 3D visualization of the LTO electrode’s pore domain obtained using nano-XCT in 
absorption contrast mode. The structure size is 10.4 × 10.4 × 34.2 µm3, which corresponds to 180 
× 180 × 590 voxels, (The direction of Z is through-plane).  
5.3.2 Electrochemical performance  
5.3.2.1 RVE selection 
The electrode RVE is a sub-section volume wherein a measured property can be considered 
as a representative value for the whole electrode [11]. In this study, the properties of interest 
for the determination of a suitable RVE size are the electrode porosity and volume specific 
surface area which is the ratio of interfacial solid/pore domains surface area to the electrode 
volume. Table 5-1 shows sample volume specific surface area and porosity of a cubic RVE 
sub-section of different sizes obtained from Zernike phase contrast reconstruction. The whole 
domain porosity is 0.57. For a RVE size of 3.48 μm and larger, the porosity of the sub-sections 
lies within 2 % of the whole electrode porosity. In addition, the electrode’s volume specific 
surface area is 1.24 (1/μm), thus remaining within 3% of the domain volume specific surface 
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area for sizes of 3.48 μm and larger. Accordingly, the smallest appropriate RVE of the 
electrode is selected as 3.48 μm size. This calculation is based on the selection of sub-sections 
from one corner of electrode sample. To decrease the error associated with the selection of 
specific region in the electrode position, in the present study a volume with side length of 7 
μm (see Fig. 5-4) have been selected as electrode RVE and model geometry for 
electrochemical performance simulation even though we may have selected the smallest 
possible size (i.e. 3.48 μm). 
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Table 5-2. The electrode’s porosity and the solid domain volume specific surface area shown in 
sub-sections of the electrode sample with various sizes. 
Cube size (𝜇m) Porosity, 𝜀 
Volume specific 
 surface area, a (1/𝜇m) 
1.16 0.45 1.40 
1.74 0.47 1.37 
2.32 0.50 1.39 
3.48 0.58 1.26 
4.64 0.57 1.22 
5.80 0.55 1.26 
6.96 0.56 1.29 
8.12 0.57 1.26 
9.28 0.55 1.22 
10.3 0.56 1.24 
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Figure 5-4. An RVE (cube side length = 7 μm) of the electrode’s solid domain extracted from 
Zernike phase contrast 3D reconstruction for half-cell performance simulation with boundary 
conditions for specific RVE surfaces used to calculate the governing equations. 
5.3.2.2 Governing equations 
The governing equations employed in this study are the conservation of mass and charge 
within the electrode solid domain. The variations of lithium-ion concentration and electric 
potential within the electrolyte are neglected and electrolyte polarization has been modeled 
by a constant resistant parameter. The  lithium diffusion within the solid domain is modeled 
by Fick’s mass transport law as [10,66]: 
 
𝜕𝑐1
𝜕𝑡
= ∇. (𝐷1∇𝑐1) (5-10) 
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Where, 𝑐1 is lithium concentration in the RVE, 𝐷1 is the lithium diffusivity in the solid domain, 
and ∇ operates on the spatial coordinates. To distinguish different regions in the porous 
electrode, subscripts 1 and 2 are utilized to identify the solid and electrolyte domains, 
respectively. The electric potential within solid domain is calculated using conservation of 
charge and Ohm’s law: 
 ∇. (𝜎1∇𝜙1) = 0 (5-11) 
Where, 𝜙1 is the electric potential within REV, 𝜎1 is the solid phase electrical conductivity. 
As shown in Fig. 5-4, at the solid/electrolyte interface the boundary conditions for governing 
equation are [10,66]: 
 𝐷1∇𝑐1,𝑠. 𝑛 = 𝑗𝑛 (5-12) 
 𝜎1∇𝑐1,𝑠. 𝑛 = 𝑖𝑙𝑜𝑐 (5-13) 
Where, 𝑗𝑛  is the normal component of lithium mass transport flux at the solid/electrolyte 
interface, s refers to the solid/electrolyte boundary, and n is the normal unit vector to the 
interface, pointing toward the electrolyte. 𝑗𝑛 is depended on applied current density as [11]: 
 𝑗𝑛 =
𝑖𝑙𝑜𝑐
𝐹
=
𝐼
𝐹(1 − 𝜀)𝑎L
 (5-14) 
where, 𝑖𝑙𝑜𝑐  is local current density at the interface, 𝐼 is the applied current density on the 
electrode in half-cell, F is Faraday’s constant, 𝜀 is the electrode porosity, a is the specific 
surface area of the interface per volume of the solid domain, and L is the electrode thickness. 
The rate of electrochemical reaction is obtained using Butler-Volmer kinetics as [127]: 
 102 
 
 𝑖𝑙𝑜𝑐 = 𝑖0 (𝑒𝑥𝑝 (
𝛼𝐹
𝑅𝑇
(𝜙1 − 𝑈)) − 𝑒𝑥𝑝 (−
(1−𝛼)𝐹
𝑅𝑇
(𝜙1 − 𝑈)))  (5-15) 
where, 𝛼 is charge transfer coefficient, R is the universal gas constant, T is temperature, 
and U is the open circuit potential and 𝑖0 is the exchange current density defined as [127]: 
 𝑖0 = 𝐹𝑘0(𝑐2)
𝛼(𝑐𝑚𝑎𝑥 − 𝑐1,𝑠)
𝛼
(𝑐1,𝑠)
𝛼 (5-16) 
Where, 𝑘0 is rate constant of the reaction, 𝑐2 is concentration of lithium-ion in electrolyte 
which is considered constant in this study.  
At the interface of the cathode and current collector, the charge transfer flux should be 
determined by applied current, I. A symmetric boundary condition is applied on all other 
surfaces. At the lithium counter electrode, 𝑉 = 0  and separator resistance is neglected. 
Therefore, the overall half-cell voltage can be determined by: 
 𝐸 = 𝜙1 − 𝐼𝑅2 − 𝑈 (5-17) 
Where, 𝑅2 is the electrolyte resistance which represents the potential drop inside the 
electrolyte between the electrode and lithium foil counter electrode. In this study, 𝑅2  is 
considered  an adjustable parameter that is determined by comparing simulation results with 
half-cell performance data [123,128].  
5.4 Results and discussion 
The SEM image of the LTO electrode consisting of primary nano-particles is shown in Fig. 
5-5a. As a comparison, a raw 2D radiograph of the electrode has been obtained from nano-
XCT as shown in Fig. 5-5b, which showed a similar 2D morphology. In addition, because the 
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absorption contrast mode does not capture carbon additives and polymer binder, only the 
distribution and morphology of the active material particles are observed. The 2D electrode 
images also demonstrate that some nano-particles tend to agglomerate and form micron-sized 
secondary particles (See Fig. 5-5) that vary in size ranging from 2 to 5 𝜇m. It is noted that due 
to the relatively lower resolution of nano-XCT than SEM, the primary particles inside the 
secondary particles are not “visible” in nano-XCT images as can be observed in Fig. 5-5b. 
 In order to analyze the geometrical morphology of the secondary particles, four well-
resolved secondary particles have been selected as shown Fig. 5-6 with non-uniform surfaces 
and different morphologies. Table 5-2 lists the 3D morphological information including size, 
volume specific surface area, and sphericity of the four particles. The particle sphericity is 
determined by dividing the surface area of the particle by the surface area of a sphere with the 
same volume, with the lower sphericity values indicating stronger non-sphericity. All particles 
are non-spherical with particle 4 showing the highest degree of non-sphericity, ca. 0.71. 
Moreover, particles 3 and 4 have sharp sandglass type structures at the corners, which would 
challenge the assumptions made for microstructure homogeneities in conventional macro-
homogeneous models. The volume specific surface area of the secondary particles, ~3 (1/μm), 
is much higher than the one obtained using Zernike phase contrast mode, 1.24 (1/μm), see 
Table 5-1; This could be attributed to the inclusion of CBD in Zernike phase contrast mode 
which covers some part of the particle surface to provide electron conduction. 
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Figure 5-5.  (a) Typical SEM image of the LTO electrode, and (b) its 2D radiograph obtained 
from nano-XCT using absorption contrast mode. 
 
Figure 5-6. Four isolated LTO secondary particles obtained using absorption contrast imaging 
mode. (a) particle (1), (b) particle (2), (c) particle (3), (d) particle (4). The microstructure data 
for these particles are listed in Table 5-2. 
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Table 5-3. Microstructural information of the four secondary particles obtained using 
absorption contrast mode of nano-XCT. 
Particle Sphericity  
(perfect sphere=1) 
Volume specific 
surface area, a (µm-1) 
Cube outline 
dimensions (µm)  
1 0.85 3.14 2.96 × 2.08 × 1.96 
2 0.93 3.30 2.52 × 1.96 × 1.96 
3 0.79 3.62 2.84 × 2.08 × 2.24 
4 0.71 3.23 3.36 × 3.48 × 2.68 
To investigate the validity of the homogeneity and isotropy of the electrode’s 
microstructure hypothesized in most macro-homogeneous models, transport tortuosities of the 
pore and solid domains has been simulated and compared in different directions. In case of 
pore phase geometry, both absorption contrast and Zernike phase contrast modes can be used 
to reconstruct the model geometry. As mentioned before, the absorption contrast mode 
includes the volume of CBD in the pore phase. Therefore, the resulting tortuosity obtained 
using the absorption contrast mode underestimates the pore tortuosity. On the other hand, 
Zernike phase contrast is not capable of resolving nano-pores within CBD as their size is 
relatively smaller compared to the resolution of nano-XCT resolution (58 nm). Instead, the 
CBD is included in the solid domain, which results in enhanced pore phase tortuosity values 
[155]. In this study, absorption contrast is chosen as the model geometry to quantify pore 
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phase transport tortuosity in agreement with ref. [63].  Alternatively, for solid phase tortuosity, 
Zernike phase contrast 3D reconstructed structure is employed to provide an inter-connected 
network for the solid structure. This guarantees successful electron transport within the solid 
domain. 
Table 5-3 presents the transport tortuosities obtained from heat-mass transport analogy 
for the solid and pore domains, respectively. In addition, Table 5-3 shows characteristic 
tortuosity, 𝜏𝑐 , estimated from the directional tortuosities using eq. (5-8) and Bruggeman 
tortuosity, 𝜏𝐵, calculated from eq. (5-1). Table 5-3 shows that through-plane tortuosity 𝜏𝑧, for 
both pore and solid domains is higher than in-plane 𝜏𝑥, 𝜏𝑦, demonstrating higher ionic and 
electronic transport resistance in the through plane direction. In addition, different directional 
tortuosity values confirm the inherent heterogeneous structure of electrode, neglected in 
macro-homogeneous models. Characteristic tortuosity, 𝜏𝑐 for the pore and solid domains are 
1.70 and 2.08, respectively, which is higher than the ones predicted by Bruggeman, 1.32 and 
1.52. The results show that Bruggeman correlation is a poor estimator of electrode tortuosity. 
This is due to the fact that Bruggeman is based on homogeneous electrodes with spherical 
particles. 
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Table 5-4. Porosity and heat transport analogy derived directional tortuosities of the pore and 
solid phases obtained using absorption contrast and Zernike phase contrast modes, respectively. 
 Pore phase Solid phase 
In-plane directional tortuosity, 𝜏𝑥 1.46 1.37 
In-plane directional tortuosity, 𝜏𝑦 1.69 2.19 
Through-plane directional tortuosity, 𝜏𝑧 2.07 3.86 
Characteristics tortuosity, 𝜏𝑐 1.70 2.08 
Bruggeman tortuosity, 𝜏𝐵 1.32 1.52 
 
Figure 5-7. Pore network centroid at the boundaries of the 3D reconstructed electrode. The 
segmentation is obtained using absorption contrast mode, and the structure size is 10.4 × 10.4 × 
34.2 µm3 which corresponds to 180 × 180 × 590 voxels, (The direction of Z is through-plane). 
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ScanIP has a function to calculate a type of geometrical tortuosity based on the pore 
network tortuous paths. In order to calculate geometrical tortuosity, pore network centroid 
within 3D reconstructed geometry has been constructed as shown in Fig. 5-7. The tortuosity 
is then calculated by dividing the centroid motion path between two points length by the 
straight-line distance. We have estimated the average geometrical tortuosity in each direction 
according to eq. (5-3). Employing eq. (5-3)  𝜏𝑔𝑒𝑜𝑚, is averaged over 20 different paths for 
each starting point on the structure boundary where the end point is located on the opposite 
boundary. The same approach was used on the solid domain obtained from phase contrast 
mode. Table 5-4 demonstrates geometrical tortuosity in each direction along with 
characteristics tortuosity, 𝜏𝑐 , for both pore and solid domains. The calculated geometrical 
tortuosities are lower compared to transport based tortuosities, except for 𝜏𝑥 . Moreover, 
similar to transport tortuosities, geometrical tortuosities also show clear dependence to the 
direction with higher through-plane (thickness direction) tortuosity 𝜏𝑧, compared to the in-
plane 𝜏𝑥, 𝜏𝑦. This again confirms the heterogeneous and anisotropic nature of LIB porous 
electrodes. For LFP cathode, Cooper et al. described a logarithmic relation between 
geometrical and transport tortuosities for a nano-structured LFP cathode using various 
electrode sub-volumes [63]. However, this correlation was not observed in the present study. 
 
 
 
 109 
 
Table 5-5. Surface area and geometrical based directional tortuosities of the pore and solid 
phases obtained using absorption contrast and Zernike phase contrast modes, respectively. 
 Pore phase Solid phase 
In-plane directional tortuosity, 𝜏𝑥 1.53 1.51 
In-plane directional tortuosity, 𝜏𝑦 1.68 1.94 
Through-plane directional tortuosity, 𝜏𝑧 1.81 2.02 
Characteristics tortuosity, 𝜏𝑐 1.67 1.79 
 
In addition to tortuosity, the electrode microstructures influence the physical and 
electrochemical properties distribution inside the electrode. Macro-homogeneous models are 
successful and computationally efficient to predict the LIB performance [12,156,157] while 
they fail to predict the electrode degradation and failure of the battery. They employ isotropic, 
homogeneous spherical particles in microstructure scale as the model geometry, resulting in 
a homogeneous distribution of physical and electrochemical properties inside the electrode 
particles [12]. At the electrode level, they consider the local average value of properties along 
the direction of electrode thickness, disregarding the microstructural effects [50]. Therefore, 
property distributions vary along the direction of electrode thickness, and they typically 
represent a certain trend [50]. On the other hand, heterogeneous models include heterogeneous 
microstructure of the electrodes as the geometry.  This leads to the heterogeneous physical 
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and electrochemical processes which cause the resulting distribution of properties to show no 
specific trend [66].  
Moreover, it is shown that heterogeneities inside the electrode microstructure 
contributes to microstructure failure and electrode degradation, which macro-homogeneous 
models fail to capture. For instance, Wu et al. [135] simulated the diffusion induced stress in 
a 3D reconstructed structure of LiNi0.33Mn0.33Co0.33O2 electrode. They showed that the stress 
is much higher around the concave regions within the electrode’s microstructure than that of 
smooth homogenous regions due to high local lithium concentrations. Since the stress is 
higher close to these heterogeneous regions, the mechanical failure could initiate at these areas. 
Similar results were obtained for LiCoO2 and graphite particles by Lim et al. [68] and 
LiMn2O4 electrode by Kashkooli et al.[14], showing higher stresses around concave 
heterogeneous regions. The modeling approach based on 3D reconstruction, considers the 
inherent heterogeneous structure of the electrode which makes it an invaluable tool for 
degradation studies to visualize the real spatial distribution of properties.   
To capture the real spatial distribution of these properties, galvanostatic discharge 
performance of a LTO half-cell is simulated using the model presented in section 3.2. The 
model geometry used is the RVE as shown in Fig. 5-4, which is extracted from the 3D Zernike 
phase contrast reconstruction. The model parameters, operational conditions, and material 
properties are listed in Table 5-5. Fig. 5-8 shows the galvanostatic discharge performance 
simulated at different C-rates (solid line). The experimental data obtained from coin half-cell 
galvanostatically discharged at various C-rates are also shown in Fig. 5-8 (dotted line). Model-
experimental comparison confirms the model’s ability to predict discharge performance of the 
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cell at various rates. The model adjustable parameters including diffusion coefficient, 𝐷𝐿𝑇𝑂, 
reaction rate constant, 𝑘0, electrical conductivity of solid matrix, 𝜎, and electrolyte resistance, 
R2, are determined by fitting the model results to experimental data at a low-rate [11,32]. The 
discharge performance at C-rate=0.2 was chosen as the basis to evaluate adjustable parameters. 
The values of 1 × 10−15 m2/s, 1 × 10−10 mol m−2s−1(mol m−3)−1.5 , 0.2 S/m, 2.5 ×
10−3Ωm2 for 𝐷𝐿𝑇𝑂, 𝑘0, 𝜎, R2 provided the best model-experiment fit and were utilized for the 
C-rates>0.1 up to 5 to predict the discharge performance. The open circuit potential, U, of the 
half-cell was obtained by discharging a fully charged half-cell at very low rate (C/50).   
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Table 5s-6. The list of model parameters. 
Parameter Description Value 
     A  Area of the electrode 0.9698 cm2    
L Electrode thickness  50 𝜇m 
𝜀 Electrode porosity    0.57 
𝐷𝐿𝑇𝑂 Solid state diffusion coefficient of  LTO 1 × 10
−15 m2/s  
𝜎 Electrical conductivity of solid matrix 0.2 S/m 
𝑘0 Reaction rate constant  1 × 10
−10 
mol m−2s−1(mol m−3)−1.5 
𝛼𝑎 Anodic transfer coefficient  0.5 [34] 
𝛼𝑐 Cathodic transfer coefficient 0.5 [34] 
𝑖𝑓 Exchange current density of lithium foil 19 A/m
2  [34] 
𝑐𝑖𝑛𝑖 Initial 𝐿𝑖𝑃𝐹6 concentration inside electrolyte 1000 mol/m
3 
𝑐𝑚𝑎𝑥 Maximum Lithium concentration in the LTO 
particles 
22741 mol/m3 [157]     
𝑡+
0  Lithium-ion transference number 0.363 [34] 
    R2 Electrolyte resistance 2.5 × 10−3Ωm2 
𝑇 Cell Temperature 298 K 
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Figure 5-8. Comparison of the modeling (lines) and experimental coin half-cell (dots) results 
obtained with the LTO electrode at various C rates. 
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Figure 5-9. Distribution of physical and electrochemical properties in the RVE shown in Fig. 5-
4 at various states of charge during galvanastatic discharge at 1 C. 
The physical and electrochemical property distribution in the electrode’s solid domain 
at different state of charges (SOCs) during the galvanostatic discharge at 1 C are shown in 
Fig. 5-9. The SOC is defined as the ratio of remaining discharge time to the time when the 
 115 
 
end of discharge happens. The end of discharge is reached when the half-cell voltage drops to 
1V. In the present model, lithium can diffuse inside the RVE at the solid/electrolyte interface 
and is free to diffuse between the neighboring particles. Fig. 5-9a shows that the lithium 
concentration of smaller particles/microstructures is higher due to higher surface area 
available for lithium transport specifically in the sandglass type structure with smaller cross 
section area perpendicular to lithium transport path. Similar behavior in the previous 
heterogeneous electrode studies were reported [10,11,66]. Fig. 5-9b shows the voltage 
variation in the LTO solid phase is very small confirming that nano-structuring and conductive 
Super P addition provided the high electronic conductivity. The voltage increases from current 
collector to the symmetry boundary no more than 3 mV. Based on the Butler-Volmer kinetics, 
Eq. (5-15), the local interfacial current density is estimated and shown in Fig. 5-9c. The 
current density also shows small variation within the electrode’s solid phase. Fig. 5-9 shows 
an inhomogeneous distribution of lithium, and almost homogeneous distribution of voltage 
and interfacial current density during discharge at C-rate=1.  
Structural heterogeneity is known to have greater influence physical and 
electrochemical processes when discharged at higher rates [66,158]. In order to further 
investigate the electrode heterogeneity, a discharge process at C-rate=5 was simulated. The 
lithium concentration, solid phase voltage, and interfacial current density results at C-rate=5 
are shown in Fig. 5-10. It is clearly seen that higher discharge rate leads to higher lithium 
mass transport flux which results in larger lithium concentration inside the RVE (see Fig. 5-
10a). As expected, the simulation results show higher inhomogeneity inside the electrode 
structure at C-rate=5 compared to C-rate=1. The electrode heterogeneity is more clearly 
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observed by comparing the range of lithium concentration resulting from high and low rates 
(5 and 1 C, respectively) as shown in Table 5-6. The range of lithium concentration is 
significantly larger at 5 C than at 1 C. In addition, local solid phase voltage and interfacial 
current density are shown in Figs. 5-10b, and 5-10c, respectively, which are also shown to be 
greatly influenced at higher rates. At C-rate=5, the voltage range reaches up to 12 mV, which 
is 4 times higher than 3 mV obtained at C-rate=1. The interfacial current density also 
distributes over a wider range at C-rates=5 compared to C-rate=1. The maximum range 
becomes around 8 A / m2 at C-rate=5 which is higher than 2.8 A / m2 achieved at C-rate=1. 
The histograms showing the electrode’s physical and electrochemical properties at various 
SOCs at C-rate=5 are presented in Fig. 5-11. The distribution of the properties does not follow 
any particular trend. The Macro-homogeneous models typically assume uniform distribution 
of the current density on the active material particles, however, in a realistic electrode, the 
current density distributes over a range due to heterogeneities. 
 
Table 5-7. Lithium concentrations obtained at different SOC when galvanostatically discharged 
at 1 and 5 C (unit: mol / m3) 
C-rate SOC=0.95 SOC=0.50 End of discharge 
1 2282 12552 4536 
5 19000 18400 16600 
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Figure 5-10. Distribution of physical and electrochemical properties in the RVE shown in Figure 
5-4 at various states of charge during galvanastatic discharge at 5 C. 
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Figure 5-11. Histograms representing the distribution of physical and electrochemical properties 
in the RVE shown in Fig. 3 at various states of charge during galvanastatic discharge at 5 C. 
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5.5 Conclusions 
The first 3D microstructural study of the LTO electrode based on multiple imaging mode 
synchrotron nano XCT was accomplished. The synchrotron with a 58 nm resolution was used 
to reconstruct 3D microstructure of the electrode, which was then characterized for its 
geometrical and electrochemical properties. The imaging was conducted using two different 
modes, absorption contrast and Zernike phase contrast, to resolve the electrode’s active 
material, CBD, and pore phases in different ways. The 3D image has revealed that some 
primary LTO nano-particles tend to agglomerate and form secondary micro-sized particles. 
Four secondary particles have been selected and their size, volume specific surface area, and 
degree of non-sphericity have been quantified for simulation. The secondary particles have 
shown different volume specific surface area ranging from 3.14 to 3.62 (µm-1) and various 
degree of sphericity from 0.71 to 0.91. The electrode’s resistance to charge and mass transport 
have been quantified by estimating solid and pore domain tortuosities using two methods: 1) 
simulation based on mass transport analogy and 2) pure geometry. The resulting tortuosities 
have shown that the commonly used Bruggeman relation for macro-homogeneous models is 
a poor estimator of the electrode tortuosity, for instance pore domain in-plane and through 
plane tortuosities have been estimated as 1.46, 1.69, and 2.07 which are higher than the 1.32 
of the Bruggeman one. In addition, tortuosities, obtained from both methods, vary 
significantly depending on the directions, confirming highly anisotropic and heterogeneous 
nature of pore and solid domains. To further investigate the microstructural heterogeneity, a 
computational framework has been developed to simulate electrochemical performance of the 
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LTO electrode. Unlike commonly used absorption contrast 3D structure, the current model 
took advantage of Zernike phase contrast reconstructed geometry. The lack of CBD in 
absorption contrast results in isolated active material particles, whereas Zernike phase contrast 
provides an integrated percolated network of active material and CBD together, making it 
suitable for FEM simulation. The model was an improvement over our previous RVE model 
as it now includes electron transport to the governing equations as well as lithium diffusion 
within solid. The model has been validated with the experimental data obtained from a coin 
half-cell performance. The simulation results have revealed irregular and non-uniform 
distribution of physical and electrochemical properties within the solid domain, which is 
attributed to the electrode’s structural heterogeneity, which causes non-homogeneous mass 
and charge transport within the electrode structure. Structural heterogeneities have led to the 
wider distribution of properties at higher rates. Notably, the range of lithium concentration 
within solid domain at the end of discharge was reached 16,600 mol/m3at C-rate=5, which is 
significantly higher than that of 4,536 mol/m3 at C-rate=1.  
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6. Synchrotron X-ray nano computed tomography based 
simulation of stress evolution in LiMn2O4 electrodes 
This chapter is reprinted in adopted form with permission from Electrochimica Acta: 
A. G. Kashkooli, E. Foreman, S. Farhad, D. U. Lee, W. Ahn, K. Feng, V. D. Andrade, Z. 
Chen, Synchrotron X-ray nano computed tomography based simulation of stress evolution in 
LiMn2O4 electrodes, Electrochimcia Acta, 2017, 247, 1103–1116. 
6.1 Introduction 
As highlighted in previous chapters, the lithium-ion battery (LIB) technology is currently the 
primary energy storage choice for electric and hybrid electric vehicles due to several key 
advantages, including high energy density, power density, and long cycle life [159–161]. 
However, continued research efforts and systematic investigations are required to further 
improve the performance and life-time of LIBs to ultimately achieve larger scale automotive 
electrification [21,162,163]. As LIBs generally experience a large number of charge-discharge 
cycles, performance gradually decreases over the course of battery life-time via various 
degradation mechanisms. Notably, the capacity fade of LIBs are mainly ascribed to structural 
failure of electrodes [164,165], decomposition of the electrolyte [166,167], and parasitic 
reactions [168,169] that occur during battery cycling.  
To investigate structural degradation mechanisms of LIB electrodes, many studies have 
been conducted in the past utilizing a single active material particle. For instance, the Newman 
group was the first to develop a mathematical model to calculate the diffusion-induced stress 
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inside a spherical particle of LIB electrodes. They showed that the failure of LiMn2O4 (LMO) 
electrodes occurs during common high power applications due to the phase change along the 
3V plateau [170,171]. The Sastry group, on the other hand, showed investigation of different 
particles sizes and morphologies, ranging from one-dimensional spherical particles to three-
dimensional ellipsoidal particles using their stress modeling framework, suggesting that 
ellipsoidal particles with a high aspect ratio reduces diffusion-induced stresses inside a particle 
[90,172,173]. At the electrode-level, Garcia et al. developed a framework to couple 
electrochemistry of porous electrodes with mechanical stresses inside them, and employed it 
to investigate cell performance of different arrangements consisting of two-dimensional 
spherical particles [174]. Likewise, the White group investigated stresses inside LIB 
electrodes using the Newman pseudo-2D model which consisted of a blend of LMO and 
LiNi0.8Co0.15Al0.05O2 (NCA) active materials [31,52], showing that stresses are generated due 
to the change in the lattice volume and phase transformations during battery cycling [175,176]. 
Lastly, Barai et al. conducted a stochastic analysis to investigate stress-induced damage inside 
LIB electrodes, generating phase-maps to show safe/unsafe operating conditions for various 
particle sizes such as C rates, and voltage window [177].  
Despite the efforts mentioned above, most of the electrode structure investigations are 
still based on simple particle geometries such as spheres, ellipsoids, and combination of the 
two in various arrangements [31,52,90,170–177]. However, the real three-dimensional 
structure of active materials in LIB electrodes is very different from those simplified for the 
purpose of conducting simulations. Taking into the consideration of the real morphology of 
active particles is the pivotal step in truly understanding mechanisms behind the stresses in 
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LIB electrodes since they directly affect the distribution of stress and ultimately determine the 
active material failure. Recent advances in X-ray computed tomography (XCT) [10,154,178], 
and focused ion beam-scanning electron microscopy (FIB-SEM) [178–180] have allowed the 
reconstruction of three-dimensional active particles in the electrode. First, Lim et al. [68] has 
demonstrated the calculation of diffusion-induced stresses in three-dimensional electrode 
particles that were reconstructed by XCT. They have shown that the real particles exhibit 
convex and concave surfaces that lead to the generation of stresses in concave regions that are 
several times higher than those obtained from a spherical model of the same volume. Malve 
et al. [181], on the other hand, has demonstrated simulations of stresses in real electrode 
microstructures using FIB-SEM, also noting that much greater stresses are observed near 
small protuberances and notch-like concave features. Mendoza et al. [182] has also developed 
mechanical and electrochemical frameworks based on FIB-SEM reconstructed electrodes, 
simulating stress build-ups in the electrode microstructures during the charging. Similarly, 
Wu et al. [135] simulated stresses generated by phase transition and lithium intercalation in 
nickel-manganese-cobalt (NMC) electrode microstructures that were reconstructed by 
synchrotron XCT, also observing high stresses in the concave regions of electrode structures. 
Despite taking into the consideration of stresses generated inside real electrode 
structures, the above investigations still neglect the effect of the presence of carbon doped-
binder domain (CBD) [68,181], or considers it to be merged with the electrolyte phase 
[135,182]. However, recent experimental and modeling studies have revealed that stresses 
generated in the CBD and its mechanical failure could lead to detrimental capacity fade of 
LIBs [182–186]. As LIB is cycled, lithium-ions are intercalated into and de-intercalated from 
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the active material causing it to swell and contract, respectively, except in case of LiCoO2.  
Therefore, any CBD attached to the active electrode particles experiences mechanical stresses 
due to the changes in the volume during lithiation and de-lithiation. This is because CBD 
provides not only electrical connectivity, but also mechanical support particularly for active 
particles with non-idealized shapes by re-distributing stresses to prevent them from detaching. 
Therefore, CBD must be given as much consideration as active material particles to accurately 
model mechanical stresses that lead to changes in the microstructures and eventual failure of 
LIB electrodes. 
 Based on the reports in the literature, the CBD is generally incorporated into the 
electrode models in three ways: 1) a continuous layer of CBD encloses individual particles 
[185,187]; 2) a continuous CBD bridges (interconnects) particles [188,189]; 3) a continuous 
layer of CBD covers the outer boundary of bi-continuous percolated network of particles 
[182,190]. Rahani et al. [187] investigated for the first time the role of CBD, comparing the 
results obtained using the first and second models above using a graphite electrode to show 
that both models sufficiently demonstrate the real stresses in the electrode. Takahashi et al. 
[185] also investigated degradation modes of graphite electrodes using the first model, 
highlighting that rather than the particles themselves, but the mechanical properties of CBD 
determines the electrode failure. In other studies, Rieger et al. [188] employed the second 
bridge model with different thicknesses and widths in the in-plane and diagonal directions to 
simulate the strain propagation during battery cycling, while Wu et al. [190] utilized the third 
model to show that CBDs with lower Young’s modulus and larger elongation endure lower 
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stress compared to the one with higher modulus provided that they have the same ratio of the 
adhesion strength to the CBD strength. 
In this study, the diffusion-induced stress and possible mechanical damages in a 
commercial LMO electrode has been investigated utilizing the real electrode morphology 
obtained by employing synchrotron transmission X-ray microscopy (TXM) at the Advanced 
Photon Source (APS) of the Argonne National Laboratory (ANL). The three-dimensional 
morphology of the active particles is reconstructed based on the stack of two-dimensionally 
projected images using a commercial software Simpleware 7. Additionally, to accurately 
study the stresses and the failure of the electrodes, neighboring CBD has been taken into the 
consideration using imaging processing techniques as a continuous layer covering the active 
particles (the first model mentioned above). 
The diffusion-induced stress in the electrode structure is simulated under galvanostatic 
discharging conditions on four real particles and their enclosing CBD. Using this model, a 
more accurate distribution of stress in the electrode microstructures has been calculated, which 
allows the prediction of mechanical failures of the active materials and the CBD at various C 
rates. Although our results are based on LMO electrodes, the modeling approach and 
observations can be applied to other LIB electrode active materials. This chapter is organized 
as follows: first, the experimental method used to obtain the reconstructed particles is 
described. Then, the modeling development including CBD addition to the particles, followed 
by the governing equations used to model stress inside the active material and CBD are 
presented. Finally, the simulation results are presented and discussed with concluding remarks. 
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Figure 6-1. 2D Morphology of a commercial LMO electrode obtained from (a) synchrotron TXM 
imaging, and (b) SEM imaging, reconstructed three-dimensional particles of LMO electrode 
from synchrotron TXM imaging (c) particle (1), (d) particle (2), (e) particle (3), (f) particle (4). 
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6.2 Experimental methods 
In order to obtain the electrode active material particles, a commercial LMO positive electrode 
was purchased and a small piece was cut for imaging purposes. Because the aluminum current 
collector affects the TXM, it was removed by soaking in 6 M KOH solution for 5 min [11]. A 
synchrotron TXM in sector 32-ID-C at APS in ANL was utilized to obtain the microstructures 
of the LMO electrode. The 2D tomograms were obtained in the absorption contrast mode 
employing a high energy 8 keV monochromatic beam. The tomographic images were obtained 
by rotating the sample 180° at an increment of 0.5° and the exposure time of 1 second at each 
step. The 3D reconstruction was performed with Tomopy, a python based platform for the 
synchrotron data analysis [125,126]. The reconstructed volume represents voxel of attenuation 
coefficient with a width of 54 nm after binning.  A raw 2D projection of LMO particles 
obtained from the synchrotron TXM is shown in Fig. 6-1a. The carbon black and binder 
phases could not be captured by synchrotron TXM in absorption contrast mode. Therefore, 
the white region in Fig. 6-1a represents LMO active material particles and black region is the 
pore plus CBD. Fig. 6-1b shows an SEM image of the electrode sample presenting similar 
morphology to TXM image with particles exhibiting irregular shapes and geometries, and 
sizes ranging from 1 to 5 µm.  
For three-dimensional reconstruction, the stack of 2D images were imported to the ScanIP. 
The segmentation of grayscale 2D images were obtained using binary thresholding algorithm 
function in ScanIP. XCT usually captures a cluster of particles, nevertheless, we could isolate 
four well-resolved particles with different morphologies and sizes. As seen from Fig. 6-1 (c-
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f), the reconstructed particles are non-spherical with complex convex and concave surface 
topology. To measure the degree of particle’s non-sphericity, the particle sphericity factor was 
calculated.  Similar to ref. [134], the particle sphericity is determined by comparing each 
particle’s surface area to the surface area of a sphere with the same volume, where sphericity 
of unity corresponds to a perfect sphere and lower values indicate increased degree of non-
sphericity. The particle surface area was calculated using “surface area” and “volume” 
function within ScanIP’s quick general statistics pane. Table 6-1 shows the microstructural 
information of the particles shown in Fig. 6-1 (c-f). We calculated the reaction rate current 
density corresponding to 1 C rate from each particle’s surface area, volume, density of LMO, 
and practical capacity of 148 mAh g-1. 
 
Table 6-1. Microstructural information for the three isolated particles from LMO commercial 
electrode imaged using synchrotron TXM and the calculated current densities corresponding to 
1 C rate. 
Particle Sphericity  
 
Surface Area  
(µm2) 
Volume  
(µm3) 
1 C rate 
(A m-2) 
Outline cube 
dimensions (µm)  
a 0.93 79.22 59.75 0.46 5.01 × 5.62 × 4.83 
b 0.82 60.89 33.10 0.33 3.51 × 5.07 × 4.51 
c 0.80 50.94 24.67 0.29 3.51 × 5.07 × 4.51 
d 0.90 14.18 4.326 0.18 2.12 × 2.26 × 2.73 
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Figure 6-2. Schematic illustration of the model used in this study. The active material particle 
is covered with a uniform layer of CBD. Charge (electron) and Li-ion transport occur at active 
material particle/CBD interface.  
6.3 Model Development 
In order to study the development of stress in electrodes, we calculated the stress generated 
inside the four reconstructed electrode particles, see Fig. 6-1 (c-f), enclosed in a uniformly 
thick layer of CBD. Although CBD can be identified with a combination of absorption contrast 
and phase contrast imaging modes [98], it is very challenging to use the resolved CBD for the 
simulation purposes. The reason being the resulting CBD is likely to be a non-continuum, 
segregated domains comprising multiple island-like structures which are not suitable for finite 
element simulations. Instead, we assumed that the active material particles are covered with a 
uniformly thick layer of CBD which completely wraps the outer surface of each particle as 
shown in Fig. 6-2. To form this layer of CBD, we performed a morphological dilation 
command on the active material domain with growing pixels equal to 2 (each pixel equals to 
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54 nm which is the resolution of the TXM utilized). Dilation is a morphological image 
processing feature available in ScanIP which enabled the growth of selected domains with a 
chosen pixel value. Then, we subtracted the active material domain from that of the grown 
one. This created a uniform CBD with the thickness of 108 nm around the particles. Similar 
CBD modeling approach have been previously used for spherical particles [185,187,191]. 
However, the spherical particles do not allow modeling of the tangential stress at the interface 
of active material and the CBD due to the delamination of the CBD layer [185]. Using FIB-
SEM, Mendoza et al. [182] reconstructed the percolated network of electrode active materials 
without a CBD. To model a CBD, they shrank the size of their original structure by 100 nm 
and replaced the shrunk layer with a uniform CBD. Even though the CBD was incorporated 
in the electrode structure, their method reduced the total volume ratio of active material 
particles to the total electrode solid network. 
In this study, lithium-ion transport inside active material particles is modeled by two 
coupled partial differential equations. These equations comprise the diffusion equation with 
the hydrostatic stress term, and the stress-strain relation with the embedded lithium-ion 
concentration. The diffusion of lithium-ions inside active material particles is governed by 
[68,170,172,176]: 
 
𝜕𝑐
𝜕𝑡
= ∇. 𝐷 (∇𝑐 −
𝛺𝑐
𝑅𝑇
∇𝜎ℎ) (6-1) 
where c is the concentration of lithium-ions inside particle, 𝐷 is diffusion coefficient, R is 
universal gas constant, T is temperature, 𝛺 is partial molar volume of the active material, and 
𝜎ℎ is the hydrostatic stress which is calculated from stress domain as 𝜎ℎ = 𝜎𝑖𝑖/3  (𝜎𝑖𝑖  are 
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diagonal elements of stress tensor). The boundary condition of the Eq. (6-1) on the particle’s 
surface is expressed as: 
 
−𝐷 (∇𝑐 −
𝛺𝑐
𝑅𝑇
∇𝜎ℎ) =
𝑖𝑛
𝐹
 
(6-2) 
where 𝑖𝑛 is the current density on the particle’s surface and F is Faraday’s constant. We have 
employed a linear elastic stress-strain relation to model the stress development in the electrode 
as this has been previously reported to be a suitable assumption [182,188]. For detailed studies 
on stress and failure predictions in CBD, its plastic deformation needs to be considered 
[187,190]. The stress-strain relation in the active material particle is calculated as analogous 
to thermal stress where the temperature gradient is replaced with the concentration gradient 
[68,172,176] as: 
 
𝜀𝑖𝑗 =
1
𝐸
[(1 + 𝜈)𝜎𝑖𝑗 − 𝜈𝜎𝑘𝑘𝛿𝑖𝑗] +
?̃?𝛺
3
 𝛿𝑖𝑗 (6-3) 
where 𝜀𝑖𝑗 are the strain components, 𝜎𝑖𝑗 are the stress components, E is Young’s modulus, 𝜈 
is Poisson’s ratio, 𝛿𝑖𝑗 is the kronecker delta, and   ?̃? = (𝑐 − 𝑐0) is the concentration change in 
lithium-ions from the original condition. Then, Eq. (6-3) is rearranged to obtain the 
relationship for the stress components as the following [172]:  
 
𝜎𝑖𝑗 = 2𝜇𝜀𝑖𝑗 + (𝜆𝜀𝑘𝑘 − 𝛽?̃?)𝛿𝑖𝑗 (6-4) 
where  𝜇 =
𝐸
2(1+𝜈)
 ,  𝜆 =
2𝜈𝜇
1−2𝜈
 , and 𝛽 =
𝛺(3𝜆+2𝜇)
3
. The strain tensor is related to the 
displacement vector as  [172]: 
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𝜀𝑖𝑗 =
1
2
(
𝜕𝑢𝑖
𝜕𝑥𝑗
+
𝜕𝑢𝑗
𝜕𝑥𝑖
) 
(6-5) 
Under the quasi-static condition, mechanical deformation of the particle is governed by  [172]: 
 
𝜎𝑖𝑗,𝑖 = 0 (6-6) 
Substituting Eq. (6-4) and (6-5) into Eq. (6-6) leads to the equation for the displacement u as  
[172]: 
 
𝜇∇2𝑢𝑖 + (𝜆 + 𝜇)𝑢𝑘,𝑘𝑖 − 𝛽?̃?,𝑖 = 0 (6-7) 
For the interfacial boundary condition between the particle’s core and the surrounding 
shell, Takahashi et al. [185] has previously assumed the radial stress to be continuous between 
the spherical particle core and CBD shell, whereas Hao et al. [191] considered the continuous 
radial displacement across the interface of a manganese oxide core and carbon shell suggesting 
that there is a mathematical discontinuity in the radial stress when crossing the interface. Here, 
similar to ref. [46], we assume that LMO particle and CBD domains are perfectly bonded 
together and the displacement vector is continuous across the interface. This condition can be 
expressed as: 
 
𝑢𝑖,1|𝑠 = 𝑢𝑖,2|𝑠 (6-8) 
where subscripts 1 and 2 denote active material domain and CBD, respectively and s 
represents the interface. 
In the present work, the lithium-ion diffusion, Eq. (6-2), is only solved within the active 
material particles, whereas the mechanical stress is modeled for both active materials and 
CBD. The stress-strain governing equations for the CBD are similar to the active material 
particle, except the absence of the terms related to the diffusion-induced stress. The governing 
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equations within the CBD can be simply obtained by applying ?̃? = 0 into Eq. (6-3) to (6-7), 
which are not shown here due to their similarity to those of the active material particle. In this 
study, due to the high porosity of the electrode, we assume that the mechanical interaction 
among neighboring LMO particles are negligible, see Fig. 6-1 (a-b). Therefore, at the outer 
surface of the CBD, the traction free boundary condition is assumed. The traction free 
boundary condition specifies that there is no external force on the CBD outer surface. This 
condition can be expressed as [172]: 
 
𝜎𝑥𝑥𝑙𝑙 + 𝜎𝑦𝑥𝑚𝑚 + 𝜎𝑧𝑥𝑛𝑛 = 0 (6-9a) 
 
𝜎𝑥𝑦𝑙𝑙 + 𝜎𝑦𝑦𝑚𝑚 + 𝜎𝑧𝑦𝑛𝑛 = 0 (6-9b) 
 
𝜎𝑥𝑧𝑙𝑙 + 𝜎𝑦𝑧𝑚𝑚 + 𝜎𝑧𝑧𝑛𝑛 = 0 (6-9c) 
where ll, mm, nn are direction cosines between the external normal vector to the outer surface 
and each coordinate axis. 
In this study, the active material is assumed to be isotropic which experiences volume 
expansion during discharge from Li0.2MnO2 to Li0.995MnO2. Typically, the calculation of the 
reaction current density,  𝑖𝑛  on the particle’s surface requires the use of Butler-Volmer 
equation employing local overpotential and exchange current density. However, we assume 
that the electrode is sufficiently thin to ensure that the electrolyte concentration does not 
change significantly on particle’s surface, resulting in 𝑖𝑛 becoming uniform on the particle’s 
surface. As mentioned above, the 1C current density for each reconstructed particle is 
presented in Table 6-1. Additionally, the structural mechanics and partial differential modules 
in COMSOL Multiphysics® 5.0 have been employed to simulate the stresses in the active 
 134 
 
material particles and the CBD domains. Lastly, the reconstructed particles have been 
imported from ScanIP as tetrahedral mesh elements in COMSOL for finite element simulation.  
 
Table 6-2. List of parameters used in the simulation. 
Parameter Symbol and unit  LMO CBD 
Young’s modulus E (GPa) 10 [172]  0.2 [187] 
Poisson ratio 𝜈 0.3 [172] 0.34 [185] 
Partial molar volume 𝛺 (m3 mol-3) 3.497 × 10−6[172] - 
Maximum concentration )3-mol 3(m maxC 2.    2.29 × 104 [192] - 
Diffusion coefficient D (m2 s-1)   7.08 × 10−15 [192] - 
Density 𝜌 (kg m-3)  4140 [193] 1780 [185] 
 
6.4 Results and discussion 
The mathematical model presented in the previous section is used to simulate the diffusion-
induced stress within the reconstructed active material particles shown in Fig. 6-1 (c-f) 
surrounded by a uniform layer of CBD with the thickness 108 nm. The simulation has been 
performed in galvanostatic mode using the parameters listed in Table 6-2. The LMO particles 
were discharged at different C rates from SOC of 0.20 to 0.95, where we have defined SOC 
as the ratio of average concentration of lithium-ions in the particle to its maximum possible 
concentration as shown in Table 6-2. Although this simulation has been conducted using 
active material particles in a LMO electrode, our modeling approach and discussions are 
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applicable to other electrode materials. Von-Mises stress is commonly used to present stress 
inside 3D reconstructed particles [68,135,182]. However, the failure of brittle materials, 
including LMO, is typically related to the tensile stress rather than Von-Mises stress [173,194]. 
Therefore, tensile stress has been chosen to present stress within active material particles 
which could predict crack initiation and growth in active material particles [190]. In order to 
obtain the maximum tensile stress generated during discharge, we have calculated three 
principal stresses 𝜎1, 𝜎2, and 𝜎3 inside the LMO particles. The local maximum tensile strength 
is represented as 𝜎1, and the rest in the descending order (𝜎3 being the smallest). 
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Figure 6-3. Maximum tensile stress (MPa) distribution within LMO particles enclosed with a 
uniform layer of CBD at the end of discharge at 1C, a) particle (1), b) particle (2), c) particle 
(3), and d) particle (4). 
Fig. 6-3 shows 2D cross-sectional distribution of maximum tensile stress inside the 
LMO particles enclosed with a uniform layer of CBD at the end of discharge at 1C where the 
stress reaches its maximum value. The CBD’s stress distribution is not shown in this figure 
due to its higher range of values and will be discussed later. However, CBD is considered in 
the model geometry for Fig. 6-3 and all results presented in this chapter unless clearly stated 
otherwise. As shown in Fig. 6-3, a high level of maximum tensile stress occurs in two regions: 
1) vicinity of the particle’s center (bulk stress) or 2) concave area on the particle’s surface 
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where there is a stress concentration (surface stress). The evolution of stress in these regions 
is investigated separately since the former is related to the particle’s bulk behavior, while the 
latter is related to the particle’s non-uniform surface morphology. In case of bulk behavior, 
the stress reaches its maximum near the particle’s center and decreases towards the particle’s 
surface. The lithium concentration changes from lower values at the particle’s center to higher 
values at the surface of the particle. Therefore, the area close to the particle’s surface expands 
more due to the lithium intercalation process, resulting in the center of the particles being 
under tension, while the outer being under compression. The positive and negative values 
correspond to tensile and compressive stresses, respectively. Hao et al. [191] showed similar 
behavior for a spherical LMO core enclosed with a carbon shell.  
To further elaborate the CBD inclusion effects, the stress simulation without considering 
the CBD in the model geometry is also conducted and the calculated stress is used for 
comparison. When modeled without considering the surrounding CBD, the results show either 
much lower or higher bulk stress depending on the particle morphology and size. Specifically, 
the maximum tensile stress in vicinity of particle’s center in particle (1) is 5.7 MPa with CBD 
compared to 6.1 MPa without CBD. Similarly, the stresses in particle (2), (3), and (4) with 
CBD are 13.3, 5.4, and 5.3 MPa with CBD, respectively, compared to 3.8, 3.4, and 1.1 MPa 
without CBD, respectively. These results are indicative of the presence of CBD limiting the 
displacement of the active material particle, which is modeled in this study by changing the 
traction free boundary condition to the continuous displacement on the particle’s surface. This 
leads to either higher or lower values of tensile stress within particles depending on particle 
morphology and size.  
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The diffusion-induced stress depends on particle size, morphology, materials properties 
[68], and presence of surrounding CBD. For example, the lower values of stress are observed 
in smaller particles due to their relatively high surface to the volume ratio. This leads lower 
intercalation reaction rates on the particle’s surface thereby resulting in relatively low 
diffusion-induced stress in the particle [68]. The higher diffusion-induced stress observed 
within particle (2) compared to that of particle (1), despite particle (2) having a larger surface 
to volume ratio, is attributed to diffusion-induced the presence of CBD in the model, and its 
effects on the irregular morphology of particle (2). When modeled without CBD, particle (1) 
demonstrates higher diffusion-induced stress than that of (2). These opposing results highlight 
the fact that the inclusion of CBD in the model properly takes into the consideration of the 
morphological effect of active material particles, such as those with multiple surface 
irregularities (particle (2)). 
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Figure 6-4. Maximum tensile stress (bulk stress) inside the reconstructed LMO particles 
enclosed with a uniform layer of CBD galvanostatically discharged at various C rates (1, 3, 5 C) 
from SOC=0.2 to SOC=0.95. a) particle (1), b) particle (2), c) particle (3), and d) particle (4). 
Fig. 6-4 shows the evolution of the maximum tensile stress (bulk stress) in the 
reconstructed particles enclosed with a uniform layer of CBD galvanostatically discharged 
under various C rates. The maximum stress for each particle has been calculated in vicinity of 
particle’s center where the highest bulk maximum tensile stress occurs when discharged at 1C 
rate. The electrode has been discharged up to the 5 C rate limit as noted by the manufacturer. 
The results in Fig. 6-4 highlight increasing diffusion-induced stress with increasing discharge 
C rate, as expected, due to higher rates of intercalation occurring at the surface. Specifically, 
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in particle (1), the maximum tensile stress has been measured to be 17.8, and 30.1 MPa at C 
rate=3, and 5, respectively, which are 3.1 and 5.3 times higher than the maximum stress of 5.7 
MPa measured at C rate=1. In particle (2), the maximum stresses measured are 31.8 and 54.7 
MPa at C rate=3, and 5, respectively, which are 2.4 and 4.2 times higher than 13.0 MPa 
measured at C rate=1. In particle (3), the maximum stresses measured are 15.9 and 23.8 MPa 
at C rate=3, and 5, respectively, which are 2.5 and 3.7 times higher than 6.4 MPa measured at 
C rate=1. Lastly, in particle (4), the maximum stresses measured are 11.2 and 15.0 MPa at C 
rate=3, and 5, respectively, which are 2.1 and 2.8 times higher than 5.3 MPa measured at C 
rate=1. Interestingly, the rate of increase in the maximum stress observed with particle (1) is 
higher compared to those of other particles, which is attributed to its relatively much lower 
surface to volume ratio of 1.33 1/µm compared to 1.83, 2.06, and 3.28 1/µm of particles (2), 
(3), and (4) respectively. The lower surface to volume ratio increases the lithium-ion flux on 
the particle’s surface which in turn increases the stress experienced by the particle.  
Notably for particles (1) and (2) at all C rates presented in Fig 6-4, the stress is observed 
to increase rapidly between SOC=0.2 to 0.4 then plateaus to a constant value up to SOC=0.95. 
For particles (3) and (4), the stress is observed to increase rapidly between SOC=0.2 to 0.3 
then linearly increases at a much slower rate up to SOC=0.95 where the maximum value is 
reached at the end of discharge. The stress plateau in particle (1), (2) and slow linear increase 
in stress observed with particles (3) and (4) after SOC=0.4 are related to the interaction 
between lithium diffusion in solid and the diffusion-induced hydrostatic stress [68,172,173]. 
The diffusion-induced hydrostatic stress increases the lithium diffusion in the active material 
particles, in accordance with Eq. (6-1), which results in decreasing lithium concentration 
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gradient inside the particle. Therefore, the diffusion-induced hydrostatic stress results in lower 
rate of stress generated in the particles. Without including CBD in the model, Lim et al. [68] 
has shown that the stress increases very sharply until reaching the maximum value and then 
either plateaus at a constant value or decreases due to the diffusion-induced hydrostatic stress. 
The inclusion of CBD as in our model shows a similar behavior for stress evolution inside 
particles (1) and (2), while particles (3) and (4) shows reduced effects of hydrostatic-induced 
stress resulting in a slow linearly increasing stress after SOC=0.4. 
Another notable observation is longer duration of rapidly increasing initial stress with 
increasing C rate. Specifically, particles (1), (2), and (3) exhibit a sharp increase from 
SOC=0.2 to 0.25 at C rate=1, from SOC=0.2 to 0.3 at C rate=3, and from SOC=0.2 to 0.4 at 
C rate=5. This is because as C rate increases, the diffusion-induced hydrostatic stress better 
facilitates the lithium diffusion in the particles even at higher SOCs. For particle (4), however, 
the rapid increase in stress initially occurs over a relatively shorter range of SOC most likely 
due to much smaller size of particle (4) compared to the size of other particles. These results 
are in good agreement with the reports of Chu et al. in which they showed under similar 
galvanostatic testing conditions, range of SOC where the sharp initial increase in stress occurs, 
increases with bigger particle sizes and with higher C rates [195].  
The discussion so far involved high stress values close to the particle’s center, which 
we called bulk stress. However, in Fig. 6-3, high values of stress near concave areas on the 
particle’s surface surrounded by CBD were observed. These points of high stress due to 
surface irregularities can only be captured by including real 3D reconstructed active material 
particles with surrounding CBD. Reconstructed particles reveal non-uniform surface 
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morphology with multiple concave and convex areas which are locations of high local stress 
concentration. Fig. 6-5 shows the simulation results of tensile stress on the surface of LMO 
particles at the end of discharge at 1C. On the surface of the particle, the maximum stress 
always occurs at the concave areas, and convex areas have relatively low stresses. The large 
curvature in the convex areas tend to result in relatively higher lithium concentration gradient 
due to the high surface to volume ratio, which leads to higher diffusional stresses in these 
areas, in accordance with Eq. (6-3).  
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Figure 6-5. Maximum tensile stress (MPa) distribution on the surface of LMO particles 
enclosed with a uniform layer of CBD at the end of discharge at 1C. a) particle (1), b) particle 
(2), c) particle (3), and d) particle (4). 
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Figure 6-6. Maximum tensile stress on the surface of the reconstructed LMO particles (surface 
stress) enclosed with a uniform layer of CBD galvanostatically discharged at various C rates (1, 
3, 5 C) from SOC=0.2 to SOC=0.95. a) particle (1), b) particle (2), c) particle (3), and d) particle 
(4). 
Fig. 6-6 shows the maximum tensile stress variations on the particle’s surface (surface 
stress) when discharged at different C rates. In all particles, the maximum tensile stress 
increases as the applied current density increases with the maximum stress occurring at C 
rate=5. The calculated maximum surface tensile stresses at C rate=1 are 7.5, 13.3, 5.4, and 6.9 
MPa for particles (1), (2), (3), and (4), respectively, compared to 6.0, 9.0, 6.3, 5.0 MPa of 
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maximum bulk stress previously shown in vicinity of particle’s center. At C rate=3, the 
maximum surface tensile stress is 13.3, 17.7, 10.0, and 10.1 MPa for particles (1), (2), (3), and 
(4), respectively, compared to the maximum bulk stress of 17.8, 31.8, 15.9, and 5.6 MPa. 
When discharged at C rate=5, the maximum surface tensile stress is 17.3, 22.5, 16.3, and 17.8 
MPa for particles (1), (2), (3), and (4), respectively, compared to the maximum bulk stress of 
30.1, 54.7, 23.8, and 11.9 MPa. These results show that at C rate=1 for particle (1) and (4) the 
surface stress is actually higher than the bulk stress which emphasizes the importance of 
utilizing the real particle surface morphology as the model’s geometry.  At C rate=3 and 5, 
for particles (1), (2), (3), the bulk stress is higher than the surface stress, while, the reverse is 
observed with particle (4), which reiterates the importance of modeling high surface stress in 
smaller particles.  
There is no precise measurement of the tensile strength of lithium manganese oxide 
currently in the literature. Park et al. [196] has assumed the tensile strength of ~100 MPa close 
to the measured tensile strength of TiO2. However, based on our simulation, the maximum 
tensile stress in the reconstructed particles, whether bulk or surface stress, discharged at 
various C rates are found to be much lower than 100 MPa, confirming that the material failure 
very unlikely to take place due to intercalation-induced stresses in the LMO particles 
investigated in the present study. Park et al. [173] have shown that the stress level caused by 
the phase transition from cubic to tetragonal is an order of magnitude higher than the 
intercalation-induced stress, and that this phase transition would eventually cause the material 
failure. Nevertheless, phase change is not considered in the current work since it is an 
irreversible process for LMO electrodes, which is normally avoided during battery operation. 
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Figure 6-7. Maximum tensile stress distribution inside active material and CBD of particle (1) 
at the end of discharge at 1C. a) 2D cross section b) along the radial cutline 
 Hao et al. [191] showed that, in a core-shell structure, a jump in radial and tangential 
stress is observed at the core and shell interface. Their results were based on the modeling of 
a spherical LMO active particle with a surrounding carbon shell, and the assumption that the 
radial displacement is continuous at the interface. As shown in Fig. 6-7, our result based on 
the real morphology modeling also demonstrates a similar jump in tensile stress at the 
interface of the active material and CBD. Particle (1) along with its CBD was chosen as the 
sample geometry and 2D cross sectional tensile stress within the particle and CBD is shown 
in Fig. 6-4a. The variation of stress from center of the particle to the outer surface of CBD 
along a 1D cutline (red line in Fig. 6-7a) is presented in Fig. 6-7b, confirming a marked jump 
in tensile stress at the interface. To be able to compare our result to the spherical particle in 
ref. [191], the cutline path was carefully chosen to avoid the high surface stress at concave 
areas on the particle’s surface.  
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In this study, CBD was assumed to be composed of the usual constituents, 
polyvinylidene fluoride (PVDF) polymer and Super P carbon black, as typical binder and 
conductive agent used in LIB electrodes. Different Young’s modulus of binding materials 
investigated by Rahani and Shenoy [187] with a range from 170 MPa for softer binders to 
2000 MPa for harder binders, employing 200 MPa to present their simulation results. 
Takahashi et al. [185], on the other hand, reported Young’s modulus of 350 MPa for CBD 
which was submerged in the electrolyte, while Grillet et al. [186] deduced a value of 200 MPa 
for various amounts of carbon black ranging from 10 to 40 wt % added to form swollen PVDF-
Carbon black composites. Finally, Wu et al. [190] estimated Young’s modulus of 184 MPa 
from the piecewise linear elastic-plastic model of stress-strain curve. Based on these findings, 
we have chosen the value of 200 MPa to represent the Young’s modulus of CBD in our 
simulation, consistent with the literature values [182,186,187,190]. In addition, Rahani et al. 
[187] also showed that CBD yield stress is one of the most important factors that affect the 
stress distribution inside the active particles. They chose the yield stress of 𝜎𝑦=30 MPa for 
their CBD model, while Wu et al. [190] used 𝜎𝑦 = 9.2 MPa and ultimate tensile stress of 13.4 
MPa for their simulation. Finally, Takahashi et al. [184] found the value of 16 MPa as the 
maximum tensile strength of CBD submerged in the electrolyte. In our study, we have chosen 
the value of 30 MPa for the yield stress which is in good agreement with values reported in 
the literature [182,187]. 
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Figure 6-8. Von-Mises stress (MPa) distribution in the CBD layer at the end of galvanostatic 
discharge at 1 C in a) particle (1), b) particle (2), c) particle (3), and d) particle (4). 
In the present study, CBD has been modeled as a ductile material; Since the failure of 
ductile material is related to the Von-Mises stress rather than tensile stress, it has been chosen 
to demonstrate stress within the CBD. The 2D cross section of Von-Mises stress in the CBD 
layer at the end of galvanostatic discharge at C rate=1 is shown in Fig. 6-8. The local CBD 
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stress in vicinity of areas with high concavity tends to increase from particle’s surface to the 
outer surface of CBD, where it tends to decrease from the particle’s surface to the outer surface 
of CBD in areas with high convexity. The maximum Von-Mises stress in the CBD layer at C 
rate=1 equals to 21.5, 27.5, 8.0, and 23.7 MPa in particles (1), (2), (3), and (4), respectively. 
These results are significantly lower than the yield stress of 30 MPa, which indicates that CBD 
is very unlikely to experience plastic deformation. 
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Figure 6-9. Maximum Von-Mises stress in the CBD layer after galvanostatically discharging at 
various C rates from SOC=0.2 to SOC=0.95 in a) particle (1), b) particle (2), c) particle (3), and 
d) particle (4). 
In order to predict possible material failure due to plastic deformation of CBD that 
enclose the active LMO particles, we have simulated the maximum stress by galvanostatically 
discharge at higher C rates from SOC=0.2 to 0.95 as shown in Fig. 6-9. In all CBD layers of 
the particles, the maximum Von-Mises stress is observed to increase as the applied current 
density increases, the maximum occurring at C rate=5. Similar to the stress distribution in the 
active material particles discussed above, the maximum stress in the CBD layer is dependent 
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on the particle size, morphology, CBD thickness, materials properties, and the applied C rate. 
Having said this, the maximum Von-Mises stress in the CBD layer is found to equal 34.0, 
28.7, 11.35, and 27.9 MPa in particles (1), (2), (3), and (4), respectively, when discharged at 
C rate=5. Since the maximum stress in the CBD layer of particle (1) exceeds 30 MPa, the 
failure of CBD via plastic deformation can potentially happen. Even though in this study 
plastic deformation is not included in the model, its occurrence only reduces the stress incurred 
on the active material particle itself, not affecting the previous prediction that the active 
material failure is very unlikely.  
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Figure 6-10. Stress (MPa) within LMO active material and CBD at the end of discharge at 1C 
with varying Young’s modulus of CBD a), and b) Maximum tensile stress (bulk stress); c), and 
d) Maximum tensile stress (surface stress); e), and f) Maximum Von-Mises stress, in particles 
(1), and (2) respectively.  
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Additionally, it is noteworthy to mention the simulated stress in the electrodes are highly 
dependent on the overall mechanical properties of CBD, including Young’s modulus, 
percentage of conductive additive [186] used to fabricate electrodes, as well as the 
environment in which they are tested such as, dry or wet (submerged in the electrolyte) [185]. 
In order to identify the effect of different CBD properties on the stress within electrodes, 
CBDs with low and high Young’s moduli of E=10, and 1000 MPa, respectively, have been 
employed and compared with the reference modulus of E=200 MPa. All other model 
conditions and parameters were kept unchanged. The results obtained with only particles (1), 
and (2) are shown due to their higher stress levels compared to particles (3), and (4), but all 
particles’ mechanical behaviors are quite similar. Fig. 6-10 shows the bulk and surface stress 
within LMO active materials and Von-Mises stress in CBD during galvanostatic discharge at 
C rate=1. Fig. 6-10a and 10b demonstrate the maximum bulk tensile stress for various 
Young’s moduli within particles (1) and (2), respectively, confirming that higher Young’s 
modulus causes a slight increase in the bulk stress within active material particles. Fig. 6-10c 
and 10d show the maximum surface tensile stress evolution, occurring at a concave area of 
particle (1) and (2), respectively. Unlike the bulk stress, increasing Young’s modulus to 1000 
MPa leads to an extremely large surface stress of 45 MPa in particle (1), and 125 MPa in 
particle (2) at the end of discharge. These are much higher than 100 MPa of LMO tensile 
strength and might lead to crack formation and material failure. This again highlights the 
importance of utilizing the real surface morphology of the active material particle as the model 
geometry, which cannot be predicted by conventional uniform spherical particle models. The 
maximum Von-Mises stress for CBD enclosing particles (1), and (2) are also presented in Fig. 
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6-10e and 10f. Similar to the behavior of the active material, higher Young’s modulus results 
in a dramatic increase in stress within CBD. For E=1000 MPa, plastic failure of CBD is most 
likely to happen because the maximum stress level of ~140 MPa exceeds the yield stress of 
CBD. Accordingly, the simulation results demonstrate that lower stiffness is favorable for 
lower diffusion induced stress in electrode’s active material and CBD. 
6.5 Conclusions 
In this chapter, X-ray nano computed tomography technology has been utilized to successfully 
capture and model the real morphology of LMO active electrode particles and to investigate 
the diffusion-induced mechanical stress. Unlike other previously published reports, our 
investigation considers the effect of a uniform layer of CBD which encapsulates active 
particles on the mechanical stress during battery discharge. Our results have revealed that the 
stress generated in the electrode heavily depends on the particle size, local morphology, and 
mechanical properties of both active material and CBD. Specifically, surface tensile stress has 
been found to be relatively higher and lower on the surfaces of particles with high surface 
concavity, and convexity, respectively. In fact, the maximum stress experienced by the active 
particles during galvanostatic discharge at the rate as high as 5 C has been found to be 
significantly lower than the material’s tensile strength. Inside CBD, however, the stress has 
been found to reach the levels of yield stress reported in the literature, which can lead to plastic 
deformation and detachment of CBD resulting in the loss of electrical connectivity of the 
active particles from the percolated solid network. This result highlights the importance of 
developing CBD with the optimal composition to achieve mechanical properties with higher 
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limits to prevent potential power loss and lifetime degradation of LIB electrodes. The unique 
mechanical stress analysis conducted in this study using real particle morphology is a 
significant advancement from simplified spherical model-based simulations commonly 
reported in the literature, which will positively contribute to further improving LIB active 
electrodes to address continuously rising energy demands.  
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7. Conclusions and Future Work 
7.1 Summary and Conclusions 
In the present thesis, image based models have been successfully developed to study 
multiphysics behaviour of LIB electrodes. The models investigate the interaction among 
chemistry, mass and charge transport, mechanics, and 3D microstructure of the electrode. In 
all studies, electrode’s real 3D structure is reconstructed from either laboratory or synchrotron 
radiation nano-XCT images. 
Earlier in the thesis work, an imaged-based multiscale model was developed to study 
the real microstructure of electrodes of lithium ion batteries. The model was based on the real 
3D microstructure data, while take advantage of the traditional homogenous 1D model in 
macroscale to characterize discharge/charge performance. In macroscale, the model was 
modified through dropping Bruggeman relation and replacing it by reconstructed structure 
tortuosity. The coupling between micro and macro scales were performed at each time step, 
unlike using common surrogate based models for microscale. The simulation results could 
predict the experimental discharge voltage of LFP cathodes at different rates. The simulation 
showed that the lithium concentration in the electrode active material structure was much 
higher in the region with smaller cross-section area perpendicular to the lithium intercalation 
pathway. Such low area regions would intercalate ca. 10 times higher than the area with an 
average concentration. The approach used in this study provided valuable insight into the 
spatial distribution of lithium ions inside the microstructure of LIB electrodes. The 
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heterogeneous structure of LFP causes a wide range of physical and electrochemical 
properties compared to the homogenous model.  
To form a computationally efficient image based model suitable for battery-packs 
simulations, and thermal, and stress analyses, a RVE model of the LFP electrode was 
developed in the next study. The model took advantage of computational efficiency of the 
single-particle model, while simultaneously utilized a RVE from the 3D reconstructed 
electrode as the model geometry. The simulation results showed good agreement with 
experimental discharge profile of LFP cathode at various discharge rates. Similar to the 
multiscale model, the RVE results showed that at any given SOC, the lithium concentration 
is elevated in the regions with smaller cross-sectional area perpendicular to the diffusion path 
in the active material and in the region with higher surface area exposed to the electrolyte. 
Moreover, the distribution of the lithium inside RVE was demonstrated to be wider than that 
of the single-spherical-particle model due to the inherent electrode heterogeneous structure.  
To further analysis the microstructural behavior of nano-structured electrodes, the next 
study involved the 3D microstructural characterization of the LTO electrode based on multiple 
imaging mode synchrotron nano XCT. The synchrotron with a 58 nm resolution was used to 
reconstruct 3D microstructure of the electrode, which was then characterized for its 
geometrical and electrochemical properties. The imaging was conducted using two different 
modes, absorption contrast and Zernike phase contrast, to resolve the electrode’s active 
material, CBD, and pore phases in different ways. The 3D image revealed that some primary 
LTO nano-particles tend to agglomerate and form secondary micro-sized particles. Four 
secondary particles were selected and their size, volume specific surface area, and degree of 
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non-sphericity were quantified. The secondary particles showed different volume specific 
surface area ranging from 3.14 to 3.62 (µm-1) and various degree of sphericity from 0.71 to 
0.91. The electrode’s resistance to charge and mass transport was quantified by estimating 
solid and pore domain tortuosities using two methods: 1) simulation based on mass transport 
analogy and 2) pure geometry. The resulting tortuosities showed that the commonly used 
Bruggeman relation for homogeneous models is a poor estimator of the electrode tortuosity. 
In addition, tortuosities, obtained from both methods, vary significantly depending on the 
directions, confirming highly anisotropic and heterogeneous nature of pore and solid domains. 
To further investigate the microstructural heterogeneity, a computational framework was 
developed to simulate electrochemical performance of the LTO electrode. Unlike commonly 
used absorption contrast reconstructed structure, the model took advantage of Zernike phase 
contrast reconstructed geometry. The lack of CBD in absorption contrast results in isolated 
active material particles, whereas Zernike phase contrast provides an integrated percolated 
network of active material and CBD together, making it suitable for FEM simulation. The 
model was an improvement over our previous RVE model as it included electron transport to 
the governing equations as well as solid phase diffusion. The model was validated with the 
experimental data obtained from a coin cell performance. The simulation results revealed 
irregular and non-uniform distribution of physical and electrochemical properties within the 
solid domain, which could be attributed to the electrode’s structural heterogeneity.  
Ultimately, nano-XCT technology was utilized to investigate the mechanical response 
of a commercial LMO electrode. In this way, the 3D real morphology of LMO active electrode 
particles was reconstructed and the diffusion-induced mechanical stress within particles was 
 159 
 
simulated. Unlike other previously published reports, our investigation considered the effect 
of a uniform layer of CBD which encapsulated active particles. Our results revealed that the 
stress generated in the electrode heavily depends on the particle size, local morphology, and 
mechanical properties of both active material and CBD. Specifically, surface tensile stress 
was found to be relatively higher and lower on the surfaces of particles with high surface 
concavity, and convexity, respectively. In fact, the maximum stress experienced by the active 
particles during galvanostatic discharge at the rate as high as 5 C was found to be significantly 
lower than the material’s tensile strength. Inside CBD, however, the stress was found to reach 
the levels of yield stress reported in the literature, which could lead to plastic deformation and 
detachment of CBD resulting in the loss of electrical connectivity of the active particles from 
the percolated solid network. This result highlighted the importance of developing CBD with 
the optimal composition to achieve mechanical properties with higher limits to prevent 
potential power loss and lifetime degradation of LIB electrodes. The unique mechanical stress 
analysis conducted in this study using real particle morphology was a significant advancement 
over the simplified spherical model-based simulations commonly reported in the literature, 
which would positively contribute to further improving LIB cycle life.  
7.2 Proposed future work 
Based on the findings of these studies, some future directions for the image based modeling 
of LIBs can be suggested:  
1. Multiscale modeling 
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The multiscale model just involved solid phase conservation of mass in microscale. 
The future work to follow multiscale model could improve the model by inclusion of 
the solid phase charge transfer. It is also suggested that in addition to solid phase, the 
electrolyte phase is also considered. The conservation of mass and charge within 
electrolyte phase provides electric potential and lithium-ion concentration in 
microscale. In this way, the pore-wall flux obtained from Butler-Volmer kinetics can 
be calculated from microscale data, in contrast to the current multiscale model in 
which it is mapped from macroscale data. This enables the heterogeneous distribution 
of current density on the microstructures.  
2. CBD inclusion in multiphysics simulation  
Although we obtained the CBD phase by combination of absorption contrast and 
Zernike phase contrast imaging mode in the third study, there is still significant 
uncertainty about the exact location of the CBD inside electrode structure. In both 
multiscale and RVE models, we assumed that all neighboring particles are perfectly 
bound together and lithium may diffuse from one particle to its immediate neighbor. 
Having the exact location of CBD enables to disconnect individual particles which 
results in more accurate lithium diffusion path in the electrode structure. 
3. The mechanical stress study in this thesis were performed in galvanostatic operating 
condition. However, when an EV runs in real operating conditions, it draws totally 
different current pattern from battery. To simulate the stress generated in vehicle 
batteries, it is suggested the present model is simulated according to specific vehicle 
driving cycle such as Urban Dynamometer Driving Schedule (UDDS), Highway Fuel 
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Economy Test Schedule (HWFET) and US06 for aggressive driving, to compare 
different stress level at various vehicle battery driving scenarios. This enables 
electrode failure prediction at real operating conditions. 
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